New materials for organic semiconductors and organic dielectries:  Synthesis, characterization and theoretical studies by CHE HUIJUAN
 NEW MATERIALS FOR ORGANIC 
SEMICONDUCTORS AND ORGANIC DIELECTRICS: 














A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMISTRY 





I am deeply indebted to many people without whom my research work would not be 
possible. 
First and foremost, I would like to thank my supervisor, Prof. Hardy Chan, 
for his instruction, advice, encouragement and support over the past four plus 
years. He has always been there listening to me and offering me help whenever 
needed regardless how small or what the problem was.  His knowledge, 
excitement and enthusiasm have made my graduate experience enjoyable and 
memorable. 
I would also like to thank my co-supervisor, Dr. Peter Ho, for his guidance 
and supervision, particularly in the field of physics. He always has both eyes open 
and let no suspicious results escape. I thank him for all the valuable advice and 
support he has given me.  
My appreciation also goes to all the members in the Functional Polymer 
Laboratory. In particular, I would like to thank Xia Haibing, Tang Jiecong, Cheng 
Daming, Liu Xiao, Zhang Sheng, Xu Changhua, Fan Dongmei and Wen Tao for 
their valuable help and advice in the synthesis and characterization of organic 
materials. 
Special thanks to Organic Nano Device Laboratory (ONDL). In particular, I 
wish to thank Chua Lay-Lay, Chia Perq-Jon, Sankaran Sivaramakrishnan, Zhou 
 ii
Mi, Wong Loke-Yuen, Zhao Lihong, and Roland Goh for their friendly help in 
device fabrication and device characterization.   
I would like to express my gratitude to the National University of Singapore 
for the research scholarship and for providing the opportunity and facilities to 
carry out the research work.  
Lastly, thanks to my parents and all my friends for their love and support. 
 iii
Title: New materials for organic semiconductors and 
dielectrics: Synthesis, characterization and theoretical 
studies 
Acknowledgements…………………………………………………..i 
Table of Contents……………………………………………………iii 
Summary……………………………………………………………vii 
Figures and Tables Caption……………………………………..ix 
Abbreviations………………………………………………………xiv 
Chapter 1 Introduction…………………………………………………………1 
1.1 Organic electronics……………………………………………………………2 
1.2 Molecular electronics…………………………………………………………3 
1.3 Self-assembled monolayer (SAMs)……………………………………………5 
1.4 Characterization of molecular electronics……………………………………8 
1.4.1 Molecular break junctions……………………………………………9 
1.4.2 Nanofabricated pores………………………………………………10 
1.4.3 Hanging mercury drop electrodes…………………………………...11 
1.4.4 Scanning probe microscopy…………………………………………12 
1.4.5 Large-area molecular junctions ……………………………………..14 
1.5 Thesis overview………………………………………………………………16 
1.6 References……………………………………………………………………18 
Chapter 2 Instrumental and experimental……………………………………22 
2.1 Chemicals and materials……………………………………………………22 
2.1.1 Synthesis of push-pull molecules…………………………………...22 
2.1.2 Synthesis of ionic and cationic dyes………………………………...36 
2.2 NMR Spectroscopy…………………………………………………………40 
2.3 Mass spectrometry……………………………………………………………41 
2.4 Fourier transform infrared (FT-IR) spectroscopy……………………………41 
2.5 Gas Chromatograpy /Mass Spectrometry (GC/MS)…………………………41 
2.6 Spectroscopic ellipsometry (SE)……………………………………………41 
2.7 Ultraviolet Photoelectron Spectroscopy (UPS)………………………………45 
 iv
2.8 Preparation of gold substrates and self-assembly process……………………46 
2.9 Device fabrication and Current-Voltage (I-V) measurement ………………47 
2.10 References…………………………………………………………………49 
Chapter 3 Large-area molecular rectifier junction based on push-pull 
molecules………………………………………………………………………50 
3.1 Introduction………………………………………………………………50 
3.1.1 P-N junction as classical rectifier…………………………………...50 
3.1.2 Aviram-Ratner Model as molecular rectifier………………………..52 
3.1.3 Push-pull molecules as molecular rectifier………………………….53 
3.2 Characterization of push-pull thiols as SAMs………………………………55 
3.2.1 Thickness measurement by spectroscopic ellipsometry…………….55 
3.2.2 Dipole moment calculation………………………………………….58 
3.2.3 Work function measurement by UPS………………………………..58 
3.2.4 Molecular conformation model…………………………………......60 
3.3 Electrical characterization of rectifying molecular junction devices…….63 
3.4 Conclusion …………………………………………………………………...66 
3.5 References …………………………………………………………………68 
Chapter 4 Electron conduction in SAMs based on large-area molecular 
junctions…………………………………………………………………………72 
4.1 Introduction ………………………………………………………………….72 
4.1.1 Theory …………………………………………………………........72 
4.1.2 Simmons tunneling model ………………………………………….74 
4.2 Experiments ……………………………………………………………….…76 
4.2.1 Chemicals and materials ……………………………………………76 
4.2.2 Fabrication of molecular junctions based on alkanethiol SAM……..76 
4.3 Results and discussions ……………………………………………………...76 
4.3.1 Measurement of molecular length of alkanethiol SAM …………….76 
4.3.2 IV characteristics of alkanethiol SAMs molecular junctions ………78 
4.3.3 β value determination based on alkanethiol SAMs molecular 
junctions …………………………………………………………………..79 
4.3.4 m* determination based on alkanethiol SAMs molecular          
junctions …................................................................................................82 
4.3.5 Determination of barrier height in push-pull molecular    
 v
junctions ………………………………………………………….……….83 
4.4 Conclusion …………………………….……………………………………..86 
4.5 References …………………………………………………………………...88 
Chapter 5 Application of ionic assembly technique to molecular 
rectifier ………………………………………………………………………..91 
5.1 Introduction ………………………………………………………………….91 
5.1.1 Layer-by-layer structures ………………………….………………..91 
5.1.2 Ionic self-assembly (ISA) techniques ………………….…………...93 
5.1.3 ISA technique for molecular rectifier applications ……….………...94 
5.2 Synthesis of novel ionic dyes ………………………………………………..96 
5.2.1 Design and preparation of cationic iodide dye ………………….…96 
5.2.2 Design and preparation of molecular ruler derivatives ……………..96 
5.3 Controlled alignment of cationic molecules on anionic surface …………….97 
5.3.1 Formation of ionic self-assembly monitored by SE …………….….97 
5.3.2 Work function measurement of ISA by UPS …………………….....99 
5.3.3 IV characterization of ISA structure ……………….……………100 
5.4 Studies on molecular ruler derivatives ……………………………………101 
5.4.1 Ionic self-assembly monitored by SE …………………….……….101 
5.4.2 Solvent effect on the ionic assembly process …………………….103 
5.5 Conclusion ………………………………….………………………………104 
5.6 References ……………………………………….…………………………106 
Chapter 6 Attempted synthesis of benzocyclobutene (BCB) derivatives as 
d i e l e c t r i c  f o r  o r g a n i c  f i e l d  e f f e c t  t r a n s i s t o r s  ( O F E Ts ) 
application ……………………………………………………………………107 
6.1 Introduction …………………………………………….…………………107 
6.1.1 Organic field-effect transistors (FETs) …………………………....107 
6.1.2 Gate dielectric layer in OFETs ……………………….……………108 
6.1.3 Divinyltetramethyldisiloxane-bis(benzocyclobutene) (DVS-bis-BCB) 
as gate    dielectric ….…………………………………………………110 
6.1.4 Novel BCB monomer structure as objective ………………….…..112 
6.2 Attempted synthesis of substituted BCB monomer hydrocarbons …….…...114 
6.2.1 Thermolysis pathway …………………………….………………..114 
6.2.2 Parham cyclialkylation pathway …………………………….…….119 
 vi
6.2.3 Alkylation of 1, 2-dibromobenzocyclobutene …………………......123 
6.3 Theoretical studies ………………………………………………………….125 
6.3.1 Structure optimization ……………………………………………..125 
6.3.2 Energy diagram based on theoretical calculations ……….………..127 
6.4 Conclusion …………………………………………………….……………128 
6.5 References ………………………………………………….………………129 
Chapter 7 Conclusions and suggestion for future work …………...……….132 
7.1 Conclusion ……………………….…………………………………………132 
7.2 Suggestions for future work ………………………………………………..135 




Organic semiconductors and organic dielectrics differ from their inorganic 
counterparts in many ways including optical, electronic, chemical and structural 
properties. In particular, their electronic properties have aroused much excitement 
among scientists as a viable candidate to replace silicon at the nanoscale, due to 
ease of processing and low fabrication cost offered by molecular-level control of 
properties.  
We have prepared robust large-area molecular rectifier junctions from two 
series of “push-pull” molecules using a Au/ donor-acceptor self-assembled 
monolayers/PEDT/Al sandwich device configuration. These devices show obvious 
asymmetric effects under applied bias. The IV characteristics of these rectifying 
molecular junctions follow closely the prediction of Simmon’s tunneling theory. 
The electron conduction parameters and charge transport mechanism were 
investigated.  This work shows that robust rectification is possible in solid-state 
molecular junction devices.   
Molecular large area junction devices based on Au/ HS - ionic <> cationic 
D-π-A dye self-assembled monolayers /PEDT/Al were fabricated and 
characterized in our attempt to attain molecular rectifier with higher rectification 
ratios.  A series of dye derivatives with different alkyl lengths (molecular ruler 
molecules) was compared in order to study the effect of asymmetric placement of 
alkyl chain on the rectification mechanism.  
       
 viii
We have attempted to prepare methyl substituted benzocyclobutenes (BCB) 
monomer which is widely used in the semiconductor industry.  We anticipate that 
the electron-donating substituents on the four-member ring of BCB will lower the 
polymerization temperature so as to satisfy its properties as dielectric materials in 
OFET application. Three synthetic approaches were attempted: i) pyrolysis 
method, (ii) Parham’s cycloalkylation pathway and (iii) substitution pathway from 
dibromocyclobutene. The pyrolytic synthesis process was carried out on our 
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For the past forty years, inorganic silicon and gallium arsenide 
semiconductors, silicon dioxide insulators, and metals such as aluminum and 
copper have been the backbone of the semiconductor industry. However, the 
increasing demand for smaller and high powered electronics has driven inorganic 
electronics close to its physical limits. According to the Moore’s Law prediction, 
the miniaturization of the devices in integrated circuits will be reaching atomic 
dimensions by 2014 [1]. One of the  fundamental limits to the miniaturization of 
silicon devices lies in the gate oxide technology [2]. The limit to oxide thickness 
is inherent and cannot simply be overcome by technological improvements. 
Several other important technological issues are also raised as device size 
continues to shrink.  
To overcome this physical limit, the science and engineering community 
and the semiconductor industry will have to come up with new ideas to avoid a 
bottle neck in growth. As a possible substitution, research in organic electronics 
technology started in the early 80’s and developed enormously in recent years as a 
result of a multidisciplinary approach involving chemistry, physics, electrical 
engineering and materials science. The main research effort in organic electronics 
has been focused on the improving the semiconducting, conducting, and light-
emitting properties of organic (polymers, oligomers) and hybrids (organic–
inorganic composites) through novel synthesis and processing techniques. 
Universities, national laboratories, defense organizations worldwide, and 
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companies such as Philips, IBM, Motorola, and Siemens are actively engaged in 
the R&D of organic electronics. 
1.1 Organic electronics 
Organic electronics [3, 4] is becoming a promising field because it offers a 
number of advantages compared to traditional inorganic electronics technology. 
These advantages include: i) ease of fabrication at much lower temperatures at 
ambient conditions; ii) relatively large scale and inexpensive production process; 
iii) possibility of making composites and blends with other polymer and inorganic 
materials; iv) tunable mechanical and chemical properties (e.g. solubility, strain-
stress and cross-linking properties). All these performance improvements, coupled 
with the ability to process these “active” materials at low temperatures over large 
areas on plastic or paper substrate, will open up new technologies which lead to 
novel applications.  
  Organic materials in electronic application may often be solution-
processed. Such special properties allow the fabrication of devices such as circuits, 
display, and radio-frequency identification devices on plastic substrates, and 
deposition by much cheaper techniques, such as screen and inkjet printing. The 
most attractive prospect, however, is the incorporation of functionality by design. 
The versatility of organic synthetic techniques and the wide spectrum of 
commercially available building blocks allow infinite flexibility in fine-tuning 
molecular structure and the corresponding molecular packing and control of 
macroscopic properties, with an aim to achieve specific performance indicators. 
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Materials used in organic electronic technology can be divided into three 
main groups: i) organic dielectrics; ii) organic semiconductors; and iii) organic 
conductors.  Among the three types of organic materials, organic dielectrics has 
been intensively investigated and has been used in capacitors, piezo-electronics, 
and other electronic devices applications [5, 6].  Organic semiconductors has been 
used as active components in field-effect devices, light emitters, laser emitters, 
energy conversion devices, and sensors [7, 8]. Organic conducting polymers have 
been used for charge transporting applications (contacts and electrodes) and as 
sensor/actuators [9, 10].   
To create organic electronics from organic molecules, scientists and 
engineers have been pursuing two distinct but related routes [11]. One approach 
aims to exploit charge transfer through a single molecule or modulate the 
properties of a single molecule electronically (i.e. molecular electronics). The 
other approach is based on charge transport through molecular assemblies. This 
thesis focuses on the first approach because the field of molecular electronics is 
still in its infancy with many unanswered questions and new areas to be explored.  
1.2 Molecular electronics 
The semiconductor industry has seen a remarkable miniaturization trend, 
driven by many scientific and technological innovations. But if this trend is to 
continue, and provide even faster and cheaper computers, the size of 
microelectronic circuit components will soon need to reach the scale of molecules 
[12],  a goal that will require new device structures. The idea that a few molecules, 
or even a single molecule, could be embedded between electrodes and perform the 
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basic functions of digital electronics such as rectification, amplification and 
storage, is both interesting and challenging. Scientists would agree that the 
concept of molecular electronics is now realizable for individual components, but 
the fabrication of complete circuits at the molecular level remains an uphill task 
because of the difficulty of connecting molecules to each another.  
Molecular electronics can be defined as technology utilizing single 
molecules, small groups of molecules, carbon nanotubes, or nanoscale metallic or 
semiconductor wires to perform electronic functions [13].  As an interdisciplinary 
field that lies at the interface of chemistry, biology, electrical engineering, optical 
engineering, and solid-state physics, molecular electronics has attracted 
considerate attention worldwide [14]. This is because current commercial 
electronics techniques that use bulk materials via lithographic manipulation to 
generate integrated circuits are quickly approaching their practical limits.  In 
addition, molecular electronics can play an important role in the future of 
information technology in terms of the encoding, manipulation, and retrieval of 
information at a molecular level [15].  
In the early 1980s, Carter [16] has proposed some molecular analogues of 
conventional electronic switches, gates and connectors. The simplest of these was 
first suggested in 1974 by Aviram and Ratner [17], which  paved the way with 
their proposal of molecular rectification – an analog of inorganic p-n junctions. 
Much progress has been made in the last 30 years in the understanding of the 
chemistry and physics of molecular electronics, but we are still some distance 
away from a reproducible simple electronic device made from organic molecules.  
Advances in molecular electronics technology require a detailed understanding of 
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the molecule/electrode interface, as well as developing methods for manufacturing 
reliable devices and ensuring their robustness [18].  Although the molecular 
devices are not likely to supplant conventional solid state devices, fascinating 
analogies between the electronic properties of single molecule and the electronics 
of bulk materials are beginning to emerge. 
1.3 Self-Assembled Monolayers (SAMs) 
The most important and simple technique employed in the development of 
molecular electronics is the self-assembly of molecules onto conductive materials. 
One monolayer thick (1-3 nm depending on chain length) systems offer an 
interesting and convenient system to probe the physics of electron transport 
through molecules.  Self-assembled monolayers (SAMs) are found in nearly all 
design architectures of molecular electronics field. Although some workers have 
used Langmuir- Blodgett [19, 20] films in their molecular electronic devices.  
SAMs are particularly attractive because there exists strong electronic coupling 
between the self-assembled monolayer and the substrate, as opposed to the 
physically adsorbed LB film.  
 SAMs are molecular assemblies that are formed spontaneously by the 
immersion of an appropriate substrate into a solution of an active organic material 
dissolved in an organic solvent (Figure 1.1) [21, 22].  The absorbates organize 
themselves spontaneously into crystalline or semi-crystalline structures. The 
driving force for the spontaneous formation of the 2D assembly includes chemical 
bond formation of molecules with substrate surface and intermolecular 
interactions between molecules. This allows a great flexibility in molecular design 
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and also the type of surface properties that can be modified and controlled. The 
order in these 2D systems is produced by a spontaneous chemical synthesis at the 
interface, as the system approaches equilibrium [23]. This simple process makes 
SAMs inherently cheap and easy to produce and thus technologically attractive for 
building super lattices and for surface engineering.  
From the energetics point of view, a self–assembling molecule can be 
divided into three parts. The first part is the head group that provides the most 
exothermic process, i.e. chemisorptions on the substrate surface. The second part 
is the alkyl chain, and the energies associated with its interchain van der Waals 
interactions are at the order of few (<10) kcal/mol (exothermic). The third part is 
the terminal functionality, which in the case of a simple alkyl chain, is a methyl 
(CH3) group.  
 
Figure 1.1 Formation of a self-assembled monolayer by surface adsorption [23] 
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Zisman [21] published in 1946 the first SAM system by absorption of fatty 
acids onto oxidized aluminum surfaces. The first SAM was not synthesized until 
1980 by Sagiv and co-works [24]. The SAM in this work was an assembly of 
octadecyltrichlorosilane (OTS, C18H37SiCl3) on a silica surface. Subsequently in 
1983, Nuzzo and Allara [25] showed  that dialkyl disulfides formed oriented 
monolayers on gold from dilute solution. Since then, many self-assembly systems 
have been investigated, such as organosilicon on hydroxylated surfaces (SiO2 on 
Si, Al2O3 on Al, glass, etc.); alkanethiols on gold, silver, and copper; dialkyl 
disufides on gold; alcohols and amines on platinum; and carboxylic acids on 
aluminum oxide and silver [23, 26, 27]. 
Although there is a wide variety of ligands and substrates that form SAMs, 
alkanethiolates on gold (RSH/Au) is still the most widely studied system of self-
assembled monolayers [28].  The specific interaction of the gold-sulfur interaction 
is exceptionally strong, thus preventing interference from other competing species 
in solution [29].  Another important factor is that gold does not form stable oxide, 
therefore the reaction does not require an inert atmosphere. By spontaneous 
absorption, both alkanethiols and dialkyldisulfides can be immobilized onto the 
surface of gold to form the Au-S covalent bond (Equations 1.1 and 1.2) [30]. 
Dialkylsulfides also form SAMs, but are significantly less reactive than 
alkanethiols, and produce SAMs of poorer quality. In addition, SAMs have high 
design flexibility and are easily modified at the single molecule level and 
assembled levels, hence they are also useful research models/tools to promote and 
study the growth of multilayers.        
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1.4 Characterization of molecular electronics  
The ability to evaluate the performance of molecular devices accurately 
and reproducibly is one of the most difficult challenges faced by researchers.    
Fabrication of a molecular junction device comprising an organic monolayer 
requires extreme care and expertise, because we are dealing with a single 
molecule or a few molecules at the nanoscale level, which is vulnerable to failure. 
Owing to the lack of a standard technique for establishing electrical contact 
between individual molecules, experimental investigations of the fundamental 
processes involved in electron transfer through molecules have long been focused 
on gas-phase and liquid-phase systems [31]. One of the greatest challenges in the 
fabrication of molecular junction for molecular electronics is the application of the 
second electrode to the organic monolayer absorbed on a substrate to form a 
junction. This second electrode is frequently formed by evaporation of a metal 
onto the surface of a SAM film. In this process, metal atoms may damage the 
organic film, leading to electrical shorts. To overcome this problem, several 
workers proposed metal deposition be conducted on cryogenically-cooled 
substrates [32]. 
 
However, this would need to undesirable contamination (e.g., 
from high vacuum oil) on to the substrates.  
Since the pioneering work of Mann and Khun [33],  several types of 
molecular junctions have been fabricated [34, 35]. 
 
The following section outlines 
some of the most prevalent methods for creating nanoscopic molecular junctions.  
  X-R-SH + Au (0)n         X-R-S – Au (I) · Au (0)n + ½ H2   (1.1) 
  
  ½ (X-R-S)2 + Au (0)n  X-R-S – Au (I) · Au (0)n           (1.2) 
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These include molecular break junctions, mercury drop junctions, and junctions 
prepared by nanopores and scanning probe microscopy. Each method has its 
advantages and disadvantages, generally relating to issues of yield, reproducibility, 
ease of formation, and how near the junction is to incorporating only a single 
molecule rather than a group of molecules. 
1.4.1 Molecular Break Junctions  
The first experimental claim on conductance measurements of a molecular 
junction with a single molecule was reported using a break-junction geometry by 
Tour and co-workers in 1997 (Figure 1.2) [36].
 
A gap between two gold contacts 
was opened up by piezoelectric bending of a beam substrate carrying a gold wire 
in the presence of a solution of benzene-1, 4-dithiol. One or more dithiol 
molecules was claimed to bridge the gap to form the molecular junction.  
This report stimulated both excitement and controversy with over 900 
citations to date. A similar approach by Xu and Tao [37] with the same 
experimental setup was conducted to measure a large number of break junctions. 
Break junctions offer, in principle, the ability to characterize the conductance of 
single molecules and do not require the evaporation of a metal onto an organic 
layer, but it appears uncertain where the molecules are located, or whether there 
are in fact molecules bridging the gap.  
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Figure 1.2 Idealized schematic of a break junction experiment [36] 
1.4.2 Nanofabricated Pores  
The nanofabrication of molecular junctions using electron-beam 
lithography was first reported by Reed and co-workers [34] in 1997. A nano-pore 
of diameter 20 nm was created in a silicon nitride membrane. Gold was 
evaporated from the bottom side to close off one end of the pores, after which a 
self-assembled monolayer was grown in the pore, and then gold was evaporated 
over the monolayer to close off the top end of the pore (Figure 1.3). To overcome 
the problem of gold atom penetration, these workers evaporated the top gold at 
cryogenic temperatures. In a conflicting report, the same group however reported 
a higher yield of the device for ambient evaporation [38].  Thus the question of 
whether the gold atoms penetrated the monolayers or whether a good contact was 
indeed formed between the SAM and the top evaporated gold, remains open. 
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Development and perfection of this method is time consuming and require much 
expertise in fabrication techniques. 
 
Figure 1.3 Idealized schematic of a nano-pore junction device used for molecular 
transport measurement [34].   
 
1.4.3 Hanging Mercury Drop Electrodes  
The hanging mercury drop electrode is a simple tool that many researchers 
have used to create molecular tunnel junctions [39, 40]. This method consists of a 
bottom metal electrode, on which a monolayer has been deposited. The junction is 
completed by contacting the monolayer with a hanging mercury drop from a 
syringe. The technique is versatile in the sense that monolayers can be adsorbed to 
the Hg and many different films be quickly characterized. Another elegant 
experimental technique to investigate electron transfer consists of placing a SAM-
coated mercury drop in contact with another SAM-coated metal such as silver, 
gold, copper or mercury, to form a bilayer junction (Figure 1.4) [41].   
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Because liquid mercury is the electrode, the surface is free from structural 
features. This method provides good reproducibility, the effects of many 
unwanted defects area averaged into zero. To its advantage, the contact is “soft” 
and conformal, resulting in little deformation of the monolayer and fewer 
electrical shorts than result from deposition of hot metal. However, the method 
does not offer flexibility in the metal electrode used, because it must use Hg. 
Additionally, the biggest drawback to the Hg drop techniques is in the number of 
molecules that are characterized. Contact areas are ~105 µm2, which contain 
billions of molecules.  
 
Figure 1.4  Molecular bilayer junction formed by the hanging mercury drop [41] 
1.4.4 Scanning Probe Microscopy  
Characterization of molecular films has also been carried out using 
scanning probe techniques such as scanning tunneling microscope (STM) and 
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atomic force microscope (AFM). Scanning probe techniques have the advantage 
that the measurements are localized to nanometer-scale areas [42]. 
 
STM is a 
subset of the more general scanning probe microscopy technique, which uses a 
very sharp probe.  Ideally, the probe is atomically sharp and usually is made from 
W or a Pt/Ir alloy. Two characteristics of this technique define its usefulness for 
the electrical characterization of molecules. First, the ultra-sharp nature of the 
probe enables characterization of a very small number of molecules and may be 
even down to only one molecule. Secondly, the technique readily allows imaging 
of the surface prior to characterization, which removes much of the ambiguity 
associated with the monolayer structure and order.  
Several groups have used STM to probe tunneling across molecules in thin 
organic films [43-46].  Under normal imaging operation, STM requires 
measurement of tunneling currents between the probe and the substrate at fixed 
applied bias. The separation between tip and sample is adjusted using a piezo-
scanning tube and maintained at a constant value using feedback electronics. The 
ambiguity in STM measurement on monolayers is that there is no direct measure 
of where the probe is in relation to the film. Therefore, the tip interacts with a 
cluster of molecules through an unknown vacuum gap. The electrons will need to 
tunnel through not only the organic monolayer but also the vacuum gap between 
the tip and the sample. The measured conductivity is therefore dependent on the 
tip-sample distance, which could be modeled using two-layer tunnel junction 
model comprising of the dielectric gap and the vacuum gap [47].
 
 
In contrast, conducting probe Atomic Force Microscopy (CP-AFM) has an 
advantage in molecular resistance measurements as the tip is in direct contact with 
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the molecules with a known preset force. By using force feedback, the probe is 
guaranteed to be in hard contact with the monolayer and the applied load in the 
junction is a precisely quantifiable measurement. Measurements of electron 
transfer using CP-AFM was first proposed by Frisbie and Wold in 2000 (Figure 
1.5) [48]. 
  
By bringing the tip in and out of contact with the organic monolayer, 
there is confirmation that molecular junction has been formed and the measured 
current is conducted though the molecules. This technique has been used to 
characterize electrical properties of a wide variety of organic systems [49-51].  
The disadvantages of CP-AFM technique include the inability to perform 
temperature dependent measurements, difficulty in maintaining lateral (in-plane) 
control over probe position and load, and uncertainty about the number of active 
molecules investigated in these microscopic systems [52, 53]. 
 
Figure 1.5 Formation of a molecular junction based on metal-coated CP-AFM tip 
with self-assembled monolayer on a planar electrode. 
1.4.5 Large-area molecular junctions 
 Recently, it was demonstrated by Groningen–Philips [54] that a layer of 
highly conducting polymer Poly(3,4-ethylenedioxylthiophene) 
poly(styrenesulfonate) (PEDT:PSSH) between SAM and the vapour-deposited 
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metal top electrode was used to prevent short. The molecular junctions were 
processed in vertical interconnects (or via holes) of photolithographically 
patterned photoresist, which eliminated parasitic current and protected the 
junction from the environment. The processing steps of large-area molecular 
junction are shown in Figure 1.6. 
 
Figure 1.6  Processing steps of a large-area molecular junctions [54] 
Firstly, gold electrodes were vapour-deposited on a silicon wafer and a 
photoresist was spin-coated (Figure 1.6 a). Secondly, holes were 
photolithographically defined in the photoresist (Figure 1.6 b). Thirdly, an alkane 
dithiol SAM was sandwiched between a gold bottom electrode and the highly 
conductive polymer PEDOT: PSS as a top electrode (Figure 1.6 c). Lastly, the 
junction was completed by vapour-deposition of gold through a shadow mask, 
which acted as a self-aligned etching mask during reactive ion etching of the 
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PEDOT: PSS (Figure 1.6 d). The dimensions for these large-area molecular 
junctions range from 10 to 100 µm in diameter. For the research conducted in this 
thesis, I mainly use this so-called large area molecular junction technique by 
simplifying the above approach. This technique guarantees good control over the 
device area and intrinsic contact stability and can produce a large number of 
devices with high yield so that statistically significant results can be achieved.  
1.5    Thesis overview 
The conceptual association of MOLECULES and ELECTRONICS has 
become a major research focus in physics and chemistry. The successful use of 
molecules as the active component would be a giant step forward in the direction 
of miniaturization and high component density electronic devices. Motivated by 
these possibilities, this thesis has the following objectives: 
(i) To develop new organic materials with high stability and 
processability for use in electronics, as material itself is the key to 
advances in molecular electronics. 
(ii) To develop new techniques to fabricate more reliable molecular 
electronic devices and to understand the electron transport mechanism.  
(iii) To optimize the molecular structure of organic dielectrics for improved 
application in OFET devices.  
Chapter 2 addresses the experimental procedures which include a general 
discussion of spectroscopic ellipsometry basics, the extension of large-area 
molecular junction technique, and synthesis of organic materials. More specific 
discussion of pertinent experimental techniques is found in the subsequent 
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chapters. In Chapter 3, I first give a review on molecular rectifier, followed by an 
in-depth description of the electrical characterization of self-assembled 
monolayers, especially the asymmetric tunneling transport measurement of SAMs 
comprising push-pull molecules. Chapter 4 describes the results of a tunneling 
study of alkanethiol SAMs. Comparison with theoretical calculations is also 
conducted and transport parameters such as the barrier height of the tunnel 
junction are measured. Chapter 5 discusses the preliminary work on double layer 
SAMs by ionic assembly technique. Chapter 6 focuses on the synthesis of novel 
organic dielectrics materials.  Chapter 7 provides a summary of the findings and 
discusses possibilities for future work.  
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Chapter 2  
Synthesis and Characterizations                                                  
2.1 Chemicals and Materials 
In all experiments, diethyl ether (Et2O) was dried over 4Å molecular sieve. 
Tetrahydrofuran (THF) was distilled just prior to use under nitrogen atmosphere 
over sodium wires. N, N-dimethyl-formamide (DMF) was freshly distilled over 
CaH2 under reduced pressure after standing over CaH2 overnight. Other chemicals 
were used as received without further treatment. 
2.1.1 Synthesis of push-pull molecules 
For push-pull molecules, the synthesis requires that a strong oxidizing 
agent be coupled covalently to a strong reducing agent, which is a considerable 
challenge in organic synthesis. 




















Scheme 2.1 Synthesis routes for compound 4 
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Scheme 2.1 depicts the synthetic route of compound 4. In the first step, 
THF was chosen as solvent because of its good miscibility with water. THF was 
added to the water solution until one phase solution obtained. Further purification 
was unnecessary, because remaining tertiary amine compound did not react in the 
next step. It was then coupled to 4-fluorobenzonitrile using anhydrous K2CO3 as 
catalyst under nitrogen in DMSO over a period of 12 hrs to yield compound 3 in 
excellent yield. The final product was obtained by photoaddition reaction and then 
a deprotection step [1]. The successful generation of compound 4 was 
corroborated by NMR and MS.  
N-methylundec-10-en-1-amine (1) 
11-Bromo-1-undecene (4 g, 17 mmol) was reacted with methylamine 
solution (41% in water, 15 mL, 170 mmol) in THF (40 mL) at 60 oC for 24 h. The 
excess methylamine was removed by evaporator. The solution was extracted with 
CHCl3 for three times and the extracts were dried over sodium sulfate. Further 
purification was unnecessary, because remaining tertiary amine compound did not 
react in the next step. Yield 78%; 1H-NMR (300 MHz, CDCl3) (ppm) 5.73-5.83 
(m, 1H), 4.89-5.00 (m, 2H), 2.56-2.61 (m, 2H), 2.44 (s, 3H), 2.03 (m, 2H), 1.49 
(m, 2H), 1.26 (m, 12H).  
4-(methyl(undec-10-enyl)amino)benzonitrile (2) 
Under a nitrogen atmosphere, a solution of 4-fluorobenzonitrile (2 g, 18 
mmol) in DMSO (20 mL) containing compound 1 (5.7 g, 28 mmol) and 
anhydrous potassium carbonate (5 g, 36 mmol) were heated with stirring to 
120 °C for 12 h. The reaction mixture was poured into 100 mL of water. The 
 24
crude product was extracted by ethyl acetate, the organic phase was then washed 
with water (x2), and dried over Na2SO4. The residue was purified by column 
chromatography packed with silica gel in ethyl acetate/hexane. The evaporation of 
solvent afforded compound 2 as a light yellow liquid. The yield of product was 
82%.1H-NMR (300MHz, CDCl3) δ (ppm) 7.44 (d, 2H), 6.61 (d, 2H), 5.74-5.84 (m, 
1H), 4.90-5.02 (m, 2H), 3.34 (t, 2H), 2.98 (s, 3H), 2.03 (m, 2H), 1.28 (m, 2H), 
0.91 (m, 12H). 13C-NMR (300MHz, CDCl3) δ (ppm) 151.5, 139.1, 133.4, 120.7, 
114.1, 111.1, 96.7, 60.3, 52.2, 38.2, 33.7, 29.4, 29.3, 29.0, 28.8, 26.6, 20.9; 
10-((4-cyanophenyl)(methyl)amino)decyl ethanethioate (3) 
Compound 2 in hexane containing 2-4 equiv of thiolacetic acid and 5-10 
mg of AIBN were irradiated for 8 h under an atmosphere of nitrogen with with 
UV light (λ = 254 nm, W=24 watts). The excess thioacetic acid was removed 
under vacuum (0.5 mmHg, RT for 1h). Purification of the mixture by 
chromatography on silica gel gave the thioacetate 3 in 68% yields. 1H-NMR 
(300MHz, CDCl3) δ (ppm) 7.43 (d, 2H), 6.64 (d, 2H), 3.36 (t, 2H), 3.00 (s, 3H), 
2.87 (t, 2H), 2.33 (s, 3H), 1.57 (m, 4H), 1.28 (m, 14H); 13C-NMR (300MHz, 
CDCl3) δ (ppm) 195.9, 189.8, 151.5, 133.4, 120.7, 111.1, 96.7, 52.2, 38.2, 30.5, 
29.4, 29.3, 29.0, 28.7, 26.9, 26.6. 
4-((10-mercaptodecyl)(methyl)amino)benzonitrile (4) 
A solution of compound 3 was dissolved in a mixture of methanol (3 mL) 
and THF (1 mL). After nitrogen was bubbled through the mixture for 10 min, an 
aqueous NaOH solution (1.0 M, 1 mL) was added. The mixture was stirred under 
argon atmosphere at room temperature for 16 h. After addition of aqueous HCl 
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(1.0 M, 1.1 mL) under nitrogen atmosphere, the solution was extracted with 
dichloromethane. After drying with MgSO4, the solvent was removed under 
reduced pressure and the crude product was purified by chromatography on silica 
gel gave the thiols 4 in 91% yields.1H-NMR (300MHz, CDCl3) (ppm) 7.44-7.41 
(d, 2H), 6.58-6.61 (d, 2H), 3.33 (t, 2H), 2.98 (s, 3H), 2.66 (t, 2H), 1.64 (t, 2H), 
1.26 (m, 14H); 13C-NMR(300MHz, CDCl3) (ppm) 198.8, 153.2, 130.2, 125.1, 
110.6, 39.9, 39.1, 37.9, 29.4, 29.1, 25.0, 25.5, 21.0. 































Scheme 2.2 Synthesis routes for compound 7 
The preparation of compound 7 is shown in Scheme 2.2. Friedel-Crafts 
acylation reaction was carried in the first step. Compound 5 was subjected to 
photo addition reaction and then deprotection. White solid was precipitated in 
hexane during the second step. The successful generation of compound 7 was 
corroborated by NMR and MS.  
1-(4-(dimethylamino)phenyl)undec-10-en-1-one (5) 
Fresh distilled dimethylaniline (in excess) and anhydrous finely powdered 
aluminum chloride (0.7 g, 5.5 mmol) were dissolved in the dry CH2Cl2. Under 
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argon atmosphere the 10-undecenoyl chloride (1 mL, 4.6 mmol) in dry CH2Cl2 
was added over half an hour. The mixture was stirred under argon atmosphere at 
room temperature for 0.5 h. Adding 10 mL water followed by 2 mL 1.0 M HCl 
solution. The solution was extracted with chloroform. After being dried with 
MgSO4, the solvent was removed under reduced pressure and the crude product 
was purified by chromatography on silica gel gave the colorless solid 5. 1H-NMR 
(300MHz, CDCl3) δ (ppm) 7.85,7.88 (d, J=9.03Hz, 2H), 6.63,6.66 (d, J=9.03Hz, 
2H), 5.75-5.85 (m, CH=CH2, 1H), 4.90-5.00 (m, CH=CH2, 2H),  3.04 (s, CH3-N, 
6H), 2.84 (m, CO-CH2, 2H), 2.02 (m, CH2- CH=CH2, 2H), 1.70 (m, 2H), 1.30 (m, 
14H); 13C-NMR(300MHz, CDCl3) δ (ppm) 198.9, 153.2, 139.2, 130.2, 125.1, 
114.o, 110.6, 39.9, 37.9, 33.7, 29.4, 29.3, 29.0, 25.0. 
10-(4-(dimethylamino)phenyl)-10-oxodecyl ethanethioate (6) 
Compound 5 in hexane containing 2-4 equiv of thiolacetic acid and 5-10 
mg of AIBN were irradiated for 8 h under an atmosphere of nitrogen with UV 
light (λ=254 nm, W=24 watts). The excess thioacetic acid was removed under 
vacuum (0.5 mmHg, RT for 1h). Purification of the reaction mixture by 
chromatography on silica gel gave the thioacetates 6 in 83% yields. 1H-NMR 
(300MHz, CDCl3) δ (ppm) 7.88 (d, 2H), 6.66 (d, 2H), 3.04 (s, 6H), 2.85 (m, 4H), 
2.31 (s, 3H), 1.69 (m, 2H), 1.57 (m, 2H), 1.26 (m, 12H); 13C-NMR(300MHz, 






Solution of compound 6 (1 g, 2.86 mmol) was dissolved in a mixture of 
methanol (12 mL) and THF (6 mL). After nitrogen was bubbled through the 
mixture for 10min, an aqueous NaOH solution (1.0 M, 4 mL) was added. The 
mixture was stirred under argon atmosphere at room temperature for 16 h. After 
addition of aqueous HCl (1.0 M, 4.4 mL) under nitrogen atmosphere, the solution 
was extracted with dichloromethane. After being dried with MgSO4, the solvent 
was removed under reduced pressure and the crude product was purified by 
chromatography on silica gel gave the thiols 7 in 91% yields. 1H-NMR (300MHz, 
CDCl3) δ (ppm) 7.88 (d, 2H), 6.65 (d, 2H), 3.03 (s, 6H), 2.84 (t, 2H), 2.66 (t, 2H), 
1.67 (m, 2H), 1.57 (m, 2H), 1.27 (m, 14H); 13C-NMR(300MHz, CDCl3) δ (ppm) 
198.8, 153.2, 130.2, 125.1, 110.6, 110.6, 39.9, 39.1, 37.9,  29.4, 29.1, 28.4, 25.0. 
2.1.1.3 Synthesis of 4-(4-((10-mercaptodecyl)(methyl)amino)styryl) 
benzonitrile (14) 
The synthesis route for compound 14 is depicted in Scheme 2.3. 
Compound 12 was prepared by bromination of p-Tolunitrile using NBS in 
anhydrous CCl4 in the presence of catalyst AIBN. The Wittig reaction was carried 
by coupling compound 10 and Wittig reagent 11 to afford compound 13. 
Hydrolysis of compound 13 under nitrogen protection gave compound 14 in 
excellent yield. The successful generation of 14 was corroborated by NMR and 
MS.  
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Scheme 2.3 Synthesis routes for compound 14 
N-methylundec-10-en-1-amine (8) 
11-Bromo-1-undecene (4 g, 17 mmol) was reacted with methylamine 
solution (41% in water, 15 mL, 170 mmol) in THF 40 mL at 60 oC for 24 h. The 
excess methylamine was removed by evaporator. The solution was extracted with 
CHCl3 for three times and the extracts were dried over sodium sulfate. Further 
purification was unnecessary, because remaining tertiary amine compound does 
not react in the next step. Yield 78%; 1H-NMR (300MHz, CDCl3) (ppm) 5.73-
5.83 (m, 1H), 4.89-5.00 (m, 2H), 2.56-2.61 (m, 2H), 2.44 (s, 3H), 2.03 (m, 2H), 
1.49 (m, 2H), 1.26 (m, 12H).  
4-(methyl(undec-10-enyl)amino)benzaldehyde (9) 
Under an nitrogen atmosphere, a solution of 4-fluorobenzaldehyde (1 g, 
8.1 mmol) in DMSO (20 mL) containing compound 8 (1.57 g, 8.6 mmol) and 
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anhydrous potassium carbonate (1.4 g, 10 mmol) was heated with stirring to 
120 °C for 12 h. The reaction mixture was poured into 100 mL of water. The 
crude product was extracted by ethyl acetate, the organic phase was then washed 
with water (x2), dried over Na2SO4. The residue was purified by column 
chromatography packed with silica gel. The evaporation of solvent afforded 
compound 9 as light yellow liquid. The yield of product was 82%.1H-NMR 
(300MHz, CDCl3) δ (ppm) 9.75 (s, 1H), 7.73,7.76 (d, J=9.06, 2H), 6.70, 6.72 (d, 
J=8.58, 2H), 5.80-5.89 (m, CH=CH2, 1H), 4.95-5.05 (m, CH=CH2, 2H),  3.43 (t, 
J=7.74, CH2-NH-CH3,2H), 3.07 (s, NH-CH3, 3H), 2.08 (m, 2H), 1.64 (m, 2H), 
1.32 (m, 14H); 13C-NMR(300MHz, CDCl3) δ (ppm) 190.0, 153.4, 139.1, 132.0, 
124.8, 114.1, 110.7, 52.4, 38.4, 33.7, 29.4, 29.3, 29.0, 28.8, 27.0, 26.8. 
S-10-((4-formylphenyl)(methyl)amino)decyl ethanethioate (10) 
Compound 9 in hexane containing 2-4 equiv of thioacetic acid and 5-10 
mg of AIBN were irradiated for 8 h under an atmosphere of nitrogen with UV 
light ( λ = 254 nm, W = 24 watts). The excess thioacetic acid was removed under 
vacuum (0.5 mmHg, RT for 1h). Purification of the reaction mixture by 
chromatography on silica gel gave the thioacetates 10 in 70% yields. 1H-NMR 
(300MHz, CDCl3) δ (ppm) 9.75 (s, 1H), 7.73,7.76 (d, J=8.88, 2H), 6.70, 6.73 (d, 
J=9.03, 2H), 3.43 (t, J=7.71, CH2-NH-CH3,2H), 3.07 (s, NH-CH3, 3H), 2.89 (t, 
2H), 3.35 (s, 2H), 1.60 (m, 2H), 1.30 (m, 14H); 13C-NMR(300MHz, CDCl3) δ 
(ppm) 196.0, 190.0, 153.4, 132.0, 124.8, 110.7, 52.4, 38.4, 30.57, 29.4, 29.3, 29.0, 




A suspension of p-Tolunitrile (5 g, 42.7 mmol), N-bromosuccinimide 
(NBS) (7.4 g, 41.6 mmol), and a catalytic amount of azobisisobutyronitrile (AIBN) 
(100 mg) were heated in dry tetrachloromethane (45 mL) to 80 oC for 3 h. After 
the reaction mixture had cooled to room temperature, the succinimide separated. 
The solvent was removed and further purification was unnecessary, because 
remaining methyl compound does not react in the next step.  1H-NMR (300MHz, 
CDCl3) δ (ppm) 7.67 (d, 2H), 7.55 (d, 2H), 4.51 (s, 2H). 13C-NMR (300MHz, 
CDCl3) δ (ppm) 142.7, 132.5, 129.6, 118.3, 112.2, 31.4 . 
Diethyl 4-cyanobenzylphosphonate (12) 
A mixture of compound 11 (1.6 g, 8 mmol) and triethyl phosphate in 
excess was heated at 155-165 °C under an argon atmosphere for 4 h. The excess 
triethyl phosphate and byproducts were removed under vacuum (0.5 mmHg, 
100 °C for 0.5 h). 1H-NMR (300MHz, CDCl3) δ (ppm) 7.56 (d, 2H), 7.40 (d, 2H), 
4.00 (t, 4H), 3.20 (s, 1H), 3.13 (s, 1H), 1.22 (m, 6H); 13C-NMR (300MHz, CDCl3) 
δ (ppm) 137.6, 137.4, 132.1, 130.5, 118.5, 110.7, 62.3, 34.9, 33.0, 11.2; 
S-10-((4-(4-cyanostyryl)phenyl)(methyl)amino)decyl ethanethioate (13) 
The obtained compound 10 (0.35 g, 1 mmol) was dissolved in anhydrous 
THF (15 mL) with compound 12 (0.25 g, 1 mmol). To this solution was added 
dropwise potassium tert-butoxide (0.14 g, 1.2 mmol) in 5mL THF at room 
temperature via a syringe over a period of 15 min. After addition, the solution was 
stirred for an additional 4 h at room temperature. The resulting solution was 
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filtered and dried by vacuum to afford a yellow solid 13. Yield 78%, 1H-NMR 
(300MHz, CDCl3) δ (ppm) 7.60 (m, 4H), 7.44 (d, 2H), 7.20 (d, 1H), 6.90 (d, 1H), 
6.70 (d, 2H), 3.38 (t, 2H), 3.02 (s, 3H), 2.90 (t, 2H), 2.36 (s, 3H), 1.31 (m, 14H);  
4-(4-((10-mercaptodecyl)(methyl)amino)styryl)benzonitrile (14) 
Solution of compound 13 (0.1 g, 0.2 mmol) was dissolved in a mixture of 
methanol (6 mL) and THF (9 mL). After nitrogen was bubbled through the 
mixture for 10min, an aqueous NaOH solution (1.0 M, 3 mL) was added. The 
mixture was stirred under argon atmosphere at room temperature for 16 h. After 
addition of aqueous HCl (1.0 M, 3.5 mL) under nitrogen atmosphere, the solution 
was extracted with dichloromethane. After drying with MgSO4, the solvent was 
removed under reduced pressure and the crude product was purified by 
chromatography on silica gel gave the thiols 14 in 81% yields.1H-NMR (300MHz, 
CDCl3) δ (ppm) 7.60 (m, 4H), 7.44 (d, 2H), 7.20 (d, 1H), 6.90 (d, 1H), 6.70 (d, 
2H), 3.38 (t, 2H), 3.01 (s, 3H), 2.55 (t, 2H), 1.62 (m, 2H), 1.31 (m, 14H).  
2.1.1.4 Synthesis of 1-(4-(4-(dimethylamino)styryl)phenyl)-11-mercapto-
undecan-1-one (21) 
The synthesis route for compound 21 is shown in Scheme 2.4. 
Compound 15 was readily generated in good yield by the coupling of Grignard 
reagent with commercially available p-Tolualdehyde in THF solution. It then was 
oxidized by PCC to afford compound 16. Compound 18 was prepared by 
bromination of compound 17 using NBS in anhydrous CCl4. Then again, the 
generation of compound 21 was successful via Wittig reaction, which 





















































Scheme 2.4 Synthesis routes for compound 21 
1-p-tolyldodec-11-en-1-ol (15) 
11-Bromo-1-undecene (6 mL, 27.3 mmol) was slowly added dropwise to a 
mixture of magnesium ribbon (1.32 g, 55 mmol) and THF (20 mL). The rate of 
addition was controlled to maintain a gentle reflux. The reaction mixture was then 
diluted with additional THF (10 mL) and heated to reflux for 1 h. After the 
Grignard reagent was allowed to cool to room temperature, a solution of p-
Tolualdehyde (3 mL, 24.8 mmol) in THF (8 mL) was added dropwise over 10 min. 
After an additional 5 h at room temperature, the reaction mixture was cooled to 0 
oC, quenched with saturated aqueous NH4CI, and diluted with hexane (20 mL). 
The organic layer was separated, washed with NH4CI, H2O, and brine, dried over 
MgSO4, and concentrated. Flash chromatography gave compound 15 as a 
colorless liquid. Yield: 66%, 1H-NMR (300MHz, CDCl3) δ (ppm) 7.29 (d, 2H), 
7.21 (d, 2H), 5.82-5.91 (m, 1H), 4.96-5.07 (m, 2H), 4.65 (m, 1H), 2.39 (s, 3H), 
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2.10 (m, 2H), 1.80 (m,2H), 1.31 (m, 14H); 13C-NMR(300MHz, CDCl3) δ (ppm) 
141.9, 139.2, 137.0, 129.0, 125.8, 114.0, 74.4, 39.0, 33.7, 29.5, 28.9, 25.8, 21.0. 
1-p-tolyldodec-11-en-1-one (16) 
A mixture of PCC (5 g, 20 mmol) and CH2Cl2 (15 mL) was added at room 
temperature to a solution of compound 15 (3.6 g, 13 mmol) and CH2Cl2 (40 mL). 
After 6 h at room temperature, the crude product was filtered and the crude 
product was purified by chromatography on silica gel gave compound 16 in 87% 
yields as a light yellow liquid.  1H-NMR (300MHz, CDCl3) δ (ppm) 7.89 (d, 2H), 
7.28 (d, 2H), 5.82-5.91 (m, 1H), 4.96-5.07 (m, 2H), 2.96 (m, 2H), 2.44 (s, 3H), 
2.07 (m,2H), 1.76 (m, 2H), 1.32 (m, 14H); 13C-NMR(300MHz, CDCl3) δ (ppm) 
200.2, 143.5, 139.1, 134.6, 129.1, 128.1, 114.0, 38.4, 33.7, 29.4, 24.4, 21.5. 
S-11-oxo-11-p-tolylundecyl ethanethioate (17) 
Compound 16 in hexane containing 2-4 equiv of thioacetic acid and 5-10 
mg of AIBN were irradiated for 8 h under an atmosphere of nitrogen with UV 
light (λ=254 nm, W=24 watts). The excess thioacetic acid was removed under 
vacuum (0.5 mmHg, RT for 1 h). Purification of the reaction mixture by 
chromatography on silica gel gave the thioacetates 17 in 69% yields. 1H-NMR 
(300MHz, CDCl3) δ (ppm) 7.85 (d, 2H), 7.27 (d, 2H), 2.85-2.96 (m, 4H), 2.41 (s, 
3H), 2.32 (s, 3H), 1.73 (m, 2H), 1.60 (m, 2H), 1.28 (m, 14H); 13C-NMR(300MHz, 
CDCl3) δ (ppm) 200.1, 195.8, 143.4, 134.5, 129.1, 128.1, 38.4, 30.5, 29.4, 29.0, 
28.7, 24.4, 21.5. 
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S-11-(4-(bromomethyl)phenyl)-11-oxoundecyl ethanethioate (18) 
A suspension of compound 17 (0.25 g, 0.72 mmol), N-bromosuccinimide 
(NBS) (0.125 g, 0.7 mmol), and a catalytic amount of azobisisobutyronitrile 
(AIBN) (100 mg) were heated in dry tetrachloromethane (15 mL) to 80 oC for 5 h. 
After the reaction mixture had cooled to room temperature, the succinimide 
separated. The solvent was removed and further purification was unnecessary, 
because remaining methyl compound does not react in the next step. Yield: 40%; 
1H-NMR (300MHz, CDCl3) δ (ppm) 7.88 (d, 2H), 7.27 (d, 2H), 2.85-2.96 (m, 
4H), 4.52 (s, 2H), 2.32 (s, 3H), 1.73 (m, 2H), 1.60 (m, 2H), 1.28 (m, 14H). 
S-11-(4-((diethoxyphosphoryl)methyl)phenyl)-11-oxoundecyl ethanethioate 
(19) 
A mixture of compound 18 (0.26 g, 0.6 mmol) and triethyl phosphate in 
excess was heated at 155-165 °C under an argon atmosphere for 4 h. The excess 
triethyl phosphate and byproducts were removed under vacuum (0.5 mmHg, 
100 °C for 0.5 h). Yield: 90%; 1H-NMR (300MHz, CDCl3) δ (ppm) 7.92 (d, 2H), 
7.46 (d, 2H), 4.10 (m, 4H), 3.16-3.23 (s, 2H), 2.93 (d, 2H), 2.85 (d, 2H), 2.31 (s, 
3H), 1.71 (t, 2H), 1.55 (t, 2H), 1.34 (t, 6H), 1.25 (m, 12H); 13C-NMR(300MHz, 
CDCl3) δ (ppm) 200.0, 195.9, 137.0, 135.6, 129.9, 128.2, 63.5, 62.2, 38.5, 34.7, 
32.9, 30.5, 29.3, 24.24, 16.3, 16.1; 
S-11-(4-(4-(dimethylamino)styryl)phenyl)-11-oxoundecyl ethanethioate (20) 
4-(Dimethylamino)benzaldehyde (0.05 g, 0.3 mmol) was dissolved in 
anhydrous THF (10 mL) with compound 19 (0.14 g, 0.3 mmol). To this solution 
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was added dropwise potassium tertbutoxide (0.04 g, 0.36 mmol) in 5 mL THF at 
room temperature via a syringe over a period of 15 min. After addition, the 
solution was stirred for an additional 4 h at room temperature. The resulting 
solution was filtered and dried by vacuum to afford a yellow solid. Yield is 82%, 
1H-NMR (300MHz, CDCl3) δ (ppm) 7.97 (d, 2H), 7.58 (d, 2H), 7.49 (d, 4H), 7.23 
(d, 2H), 6.99 (d, 2H), 6.77 (d, 2H), 3.04 (s, 6H), 2.99 (t, 2H), 2.90 (t, 2H), 2.36 (s, 
3H), 1.77 (m, 2H), 1.60 (m, 2H), 1.30 (m, 12H); 
1-(4-(4-(dimethylamino)styryl)phenyl)-11-mercaptoundecan-1-one (21) 
Solution of compound 20 (0.1 g, 0.21 mmol) was dissolved in a mixture 
of methanol (6 mL) and THF (9 mL). After nitrogen was bubbled through the 
mixture for 10min, an aqueous NaOH solution (1.0 M, 3 mL) was added. The 
mixture was stirred under argon atmosphere at room temperature for 16 h. After 
addition of aqueous HCl (1.0 M, 3.5 mL) under nitrogen atmosphere, the solution 
was extracted with dichloromethane. After being dried with MgSO4, the solvent 
was removed under reduced pressure and the crude product was purified by 
chromatography on silica gel gave the thiols in 78% yields.1H-NMR (300MHz, 
CDCl3) δ (ppm) 7.96 (d, 2H), 7.57 (d, 2H), 7.49 (d, 4H), 7.24 (d, 2H), 6.98 (d, 2H), 
6.77 (d, 2H), 3.05 (s, 6H), 2.95 (t, 2H), 2.60 (t, 2H), 1.77 (m, 2H), 1.60 (m, 2H), 
1.29 (m, 12H) 
2.1.2 Synthesis of ionic and cationic dyes  































Scheme 2.5 Synthesis routes for iodide dyes 
N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium iodide (22) 
N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium iodide 22 was synthesized 
by action of 5, 6, 7, 8-tetrahydroisoquinoline (2.06 g, 15 mmol) with methyl 
iodide (2.28 g, 16 mmol) in 30 mL methanol at reflux temperature for 5 h, 
following which the solvent was removed in vacuum at ambient temperature. The 
product was not further purified. 1 H-NMR (300MHz) 9.0 (s, 1H), 8.8 (d, J=6.27, 
1H), 7.7 (d, J=6.24, 1H), 4.2 (s, 3H), 3.0 (s, 4H), 1.9 (s, 4H);  
4-dimethylaminobenzylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium 
iodide (23) 
A solution of compound 22 (4.3 g, 15 mmol), 4-
dimethylaminobenzaldehyde (2.23 g, 15 mmol), and piperidine (2 mL) in 
methanol was heated at reflux for 24 h, subsequently the solvent was removed in 
vacuum at ambient temperature. The crude product was purified by column 
chromatography on silica gel, eluting with dichloromethane/methanol (9:1), to 
obtain compound 23 as a red solid. Yield is 78%,  1 H-NMR (300MHz) 8.6 (s,1H), 
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8.6 (d, J=6.72Hz, 1H), 8.4 (d, J=6.75Hz, 1H), 7.7 (s,1H), 7.5 (d, J=8.88Hz, 2H), 
6.8 (d, J=9.03Hz, 2H), 4.2 (s, 3H), 3.0 (s, 6H), 2.9 (m, 4H), 1.8 (m, 2H); 
m/z(ESI+):279, 100% [M-I] 
4-dimethylaminonaphthylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium 
iodide (24) 
A solution of compound 22 (2.0 g, 7 mmol), 4-dimethylamino-
naphthaldehyde (1.4 g, 7 mmol), and piperidine (1.5 mL) in methanol was heated 
at reflux for 24 h, The crude product was purified by column chromatography on 
silica gel, eluting with dichloromethane/methanol (7:1), to obtain compound 24 
as a red solid. Yield is 83%, 1 H-NMR (300MHz) 9.13 (s,1H), 8.84 (d, J=5.76 Hz, 
1H), 8.32 (m, 1H), 8.25 (d, J=6.75 Hz, 2H), 8.04 (s, 1H), 7.93 (m, 1H), 7.59 (m, 
2H), 7.44 (d, J=7.89Hz, 1H), 7.11 (d, J=7.89 Hz, 1H), 4.61 (s, 3H), 3.13 (t, J=6.25 
Hz, 2H), 3.00 (s, 6H), 2.84 (m, 2H), 1.91 (m, 2H); m/z(ESI+): 329, 100% [M-I] 
2.2.1.2 Synthesis of iodide dye molecular as molecular rulers 
N, N-Dioctylaniline (25) 
A mixture of freshly distilled aniline (1 mL, 21.5 mmol), iodooctane (4 
mL, 43 mmol) and K2CO3 (6.0 g, 43 mmol), in ethanol (25 mL) was refluxed for 
18 h. The suspension was filtered, and the resulting solid was washed with CH2Cl2. 
The filtered solution was washed with water, dried over Na2SO4, and concentrated 
in vacuum. Purification by chromatography on silica gel led to a colorless oil 25.  
1 H-NMR (300MHz, CDCl
3
) 7.26 (t, J=7.89Hz, 2H), 6.89 (d, J=8.88Hz, 3H), 






) δ (ppm) 148.1, 129.1, 115.0, 111.6, 51.0, 31.8, 29.5, 29.3, 27.2, 































Scheme 2.7 Chemical structures of C4 tail dye and C8 tail dye  
4-(N, N-n-dioctylamino)benzaldehyde (26) 
To a cooled solution of freshly distilled anhydrous DMF (10 mL), was 
added POCl3 (0.5 mL, 5.5 mmol) within 5 min. The mixture was stirred for 30 
min, then N, N-Dioctylaniline (1.5 g, 5 mmol) was added and the resulting 
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mixture was heated for 12 h at 80°C. The mixture was hydrolyzed by slow 
addition of ice cold water and then neutralized with 5.0 M NaOH. The product 
extracted with diethyl ether and washed with water and dried over Na2SO4. After 
evaporation of the solvent in vacuum, the product was purified by column 
chromatography eluting with hexane-ethyl acetate to afford compound 26 in 50% 
yield, as a viscous liquid. 1 H-NMR (300MHz, CDCl
3
) 9.74 (s, 1H), 7.75 (d, 
J=8.70Hz, 2H), 6.70 (d, J=8.73Hz, 2H), 3.37 (m, 4H), 1.65 (m, 4H), 1.33 (m, 




) δ (ppm) 189.9, 152.4, 132.1, 
124.6, 110.8, 51.1, 31.7, 29.3, 29.2, 27.0, 26.9, 22.6, 14.0. 
4-dioctylaminobenzylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium 
iodide (27) 
A solution of N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium iodide (2.1 g, 
7.5 mmol), compound 26 (2.6 g, 7.5 mmol), and piperidine (1 mL) in methanol 
was heated at reflux for 24 h, following which the solvent was removed in 
vacuum at ambient temperature. The crude product was purified by column 
chromatography on silica gel, eluting with dichloromethane/methanol (6:1), to 
obtain compound 27 as a red solid. Yield is 75%, 1 H-NMR (300MHz) 8.8 (s,1H), 
8.7 (d, J=6.9Hz, 1H), 8.0 (d, J=6.9Hz, 1H), 7.5 (m,3H), 6.7 (d, J=8.85Hz, 2H), 4.5 
(s, 3H), 3.3 (m, 4H), 3.0 (m, 4H), 1.6 (m, 4H), 1.4 (m, 22H), 0.9 (m, 6H),; 
m/z(ESI+): 475, 100% [M-I] 
4-dibutylaminobenzylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium 
iodide (28) 
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Similar synthesis procedure was usded as above (4-
dioctylaminobenzylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium iodide). 
Yield is 81%, 1 H-NMR (300MHz) 8.8 (s,1H), 8.7 (d, J=6.3Hz, 1H), 8.1 (d, 
J=6.8Hz, 1H), 7.5 (m, 3H), 6.7 (d, J=8.9Hz, 2H), 4.5 (s, 3H), 3.4 (m, 4H), 3.0 (m, 
4H), 1.9 (m, 2H), 1.6 (m, 4H), 1.4 (m, 4H), 1.0 (m, 6H),; m/z(ESI+): 362, 100% 
[M-I] 
4-didecylaminobenzylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium 
iodide (29) 
Similar synthesis procedure was used as above (4-
dioctylaminobenzylidene-N-methyl-5, 6, 7, 8-tetrahydroisoquinolinium iodide). 
Yield is 79%, 1 H-NMR (300MHz) 8.8 (s,1H), 8.7 (d, J=6.9Hz, 1H), 8.0 (d, 
J=6.9Hz, 1H), 7.5 (m,3H), 6.7 (d, J=8.85Hz, 2H), 4.5 (s, 3H), 3.3 (m, 4H), 3.0 (m, 
4H), 1.6 (m, 4H), 1.4 (m, 30H), 0.9 (m, 6H),; m/z(ESI+): 531, 100% [M-I] 
2.2 NMR Spectroscopy  
NMR spectra were recorded with a Bruker ACF300 (300 MHz) 
spectrometer. Chemical shifts are reported in parts per million (ppm) downfield of 
tetramethylsilane (TMS). The data were presented as following: chemical shift (δ) 
ppm, multiplicity, number of protons and coupling constants in hertz. Multiplicity 
is denoted as s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). 
2.3 Mass spectrometry  
Mass spectra were recorded on a Finnigan/MAT 95XL-T machine using 
Electron ion (EI) or Electron spray ion (ESI) as the ionization technique.  
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2.4 Fourier transform infrared (FT-IR) spectroscopy 
Infrared spectra were recorded with a perkin Elmer 1600 spectrometer. 
Samples were prepared as either KBr pellets or films on NaCl crystals. 
2.5 Gas Chromatograpy /Mass Spectrometry (GC/MS)  
Agilent HP6890 Series GC system with library search was used.  Agilent 
HP6890 Series GC system was used for performing GC/MS analysis with library 
search. 
2.6 Spectroscopic Ellipsometry (SE)  
Ellipsometry is an optical measurement technique that characterizes light 
reflection (or transmission) from samples [2-4]. The key feature of ellipsometry is 
that it measures the change in polarized light upon light reflection on a sample (or 
light transmission by a sample). The name ‘ellipsometry’ comes from the fact that 
polarized light often becomes ‘elliptical’ upon light reflection. Ellipsometry 
measures the two important values (ψ, ∆). These represent the amplitude ratio ψ 
and phase difference ∆ between light waves known as p- and s-polarized light 
waves. The plane-polarized light that is perpendicular to the incident plane is 
called s-polarized and that parallel to the incident plane is called p-polarized. In 
spectroscopic ellipsometry (SE), (ψ, ∆) spectra are measured by changing the 
wavelength of light.  
SE is a versatile and powerful optical technique used to determine the 
optical properties and physical structure of thin films and bulk materials [2]. It has 
applications in many different fields, from semiconductor physics to 
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microelectronics and biology, from basic research to industrial applications. Table 
2.1 summarizes the advantages and disadvantages of SE. 
Table 2.1 Advantages and disadvantages of spectroscopic ellipsometry technique 
Advantages High precision (thickness sensitivity: ~0.1Å) 
Nondestructive/fast measurement 
Wide application area 
Various characterizations including optical constants and film 
thickness  
Real-time monitoring (feedback control) is possible 
Disadvantages Necessity of an optical model in data analysis (indirect 
characterization) Data analysis tends to be complicated 
low spatial resolution (spot size: several mm) 
For ellipsometry, the primary interest is measurement of how p and s 
components change upon reflection or transmission relative to each other. A 
known polarization is reflected or transmitted from the sample and the output 
polarization is measured. The polarization-change is represented as an amplitude 
ratio, Ψ, and a phase difference, ∆. The information about the material being 
studied is contained in the total reflection coeffiecients Rp and Rs. The measured 
response is dependent on optical properties and thickness of each material.    
We denote the phase difference between p and s component of the 
incoming wave as δ1 and the phase difference for the outgoing wave as δ2. The 
ellipsometry parameter ∆ is defined as  
1 2δ δ∆ = −            (2.1) 
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∆ is the change in phase difference that occurs upon reflection and its 





ψ −=      (2.2) 
 Ψ is the angle whose tangent is the ratio of the magnitudes of the total 
reflection coefficients. The value of Ψ can be between 0 to 90°. We define the 





ρ =          (2.3) 
Thus the fundamental equation of ellipsometry is 
( )tan ieρ ψ ∆=       (2.4) 
The basic components of an ellipsometer are listed below (Figure 2.1). 
1) A monochromatic light source  
2) An optical element to convert unpolarized light to linearly 
polarized light (Polarizer) 
3) An optical element to convert linearly polarized light into 
elliptically polarized light (Compensator) 
4) An optical element to determine the state of polarization of the 
resultant light beam (Analyzer) 
5) A detector to measure the light intensity 
6) Calculation facilities to interpret the results in terms of an assumed 










Figure 2.1 The basic components of an ellipsometer 
Data analysis proceeds as follows: after the sample is measured, a model is 
constructed to describe the sample. The model is used to calculate the predicted 
response from Fresnel’s equations. Finding the best match between the model and 
experiment is typically done through regression analysis. An estimator, like Mean 
Squared Error (MSE), is used to quantify the difference between curves.  
The measured response from ellisometry is dependent on optical properties 
and thickness of each material.  Thus, ellipsometry is primarily used to determine 
film thickness and optical constants. The film thickness is determined by 
interference between light reflecting from the surface and light traveling through 
the film. The interference involves both amplitude and phase information. The 
phase information from ∆ is very sensitive to films down to sub-monolayer 
thickness. Thickness measurements are not independent of the optical constants. 
The film thickness affects the path length of light traveling through the film, but 
the index determines the velocity and refracted angle. Thus, both contribute to the 
delay between surface reflection and light traveling through the film.  
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For transparent materials, the index is often described using the Cauchy 
relationship. The Cauchy relationship is typically given as: 
( ) 2 4B Cn Aλ λ λ= + +         (2.5) 
Where, the three terms A, B and C are adjusted to match the refractive 
index for the material. Spectroscopic Ellipsometry data in this thesis were 
recorded with M-2000/JAWoollam and modeled with Cauchy model. 
2.7 Ultraviolet Photoelectron Spectroscopy (UPS) 
Ultraviolet Photoelectron Spectroscopy (UPS) is a powerful technique for 
studying the electronic structure of material. It has been extensively applied to the 
studies of various solids and interfaces [5-7]. In this thesis, UPS was used to 
measure the change of work function after SAM deposited on the Au surface. The 
SAM films assembled on evaporated Au thin-film substrates were mounted in the 
ultrahigh vacuum chamber of the MKII ESCALab spectrometer, pumped to a base 
pressure of 1x10–9 mbar, and irradiated with He I (21.21 eV) radiation.  Sample 
bias was –10.00 V.  The emitted photoelectrons were collected normal to the film 
surface and analyzed by a 200 mm concentric hemispherical analyzer.  Energy 
resolution was 0.02 eV.  Energy uncertainty was also ± 0.02 eV. The work-
function φ is obtained by subtracting the energy of the incident photon (hν) from 
the difference in electron kinetic energy (KE) between the Fermi edge and the 
Low Energy Cut Off (LECO): )( LECOFermi KEKEh −−ν=φ . 
2.8 Preparation of gold substrates and Self-Assembly process  
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Gold substrates were prepared by thermal evaporation of 99.99 +% gold 
onto single-crystal silicon test wafers with chromium as adhesion layer (5 nm of 
Cr followed by 100 nm of Au). The substrates were then exposed to oxygen 
plasma (Oxford PRS80) for 5 min at a pressure of 3x10-1 mbar at 200W to remove 
residual organic contamination, or sometimes cleaned also by RCA Standard-
Clean 1 (SC1: H2O : concd H2O2 : concd NH3 = 10 : 2 : 0.5 @ 70ºC) treatment to 
further remove organic residues and particulates. This method was developed by 
RCA laboratories in the late 1960s, and is widely used in semiconductor 
processing today.   
Freshly oxygen plasma treated gold substrates were heated at 250 °C for 4 
minutes on a hot plate in air before submerging in 2.5 mM solution of thiol 
molecules in cyclohexanone/ethanol as solvent in a clean weighing bottle at room 
temperature. This post-annealing step was found to be critical to obtain 
reproducible absorption behaviour with the SAMs, according to our spectroscopic 
ellipsometry results (Chapter 3).  During this annealing, we suspect that the gold 
atoms on the surface relax to a close-packed (111) texture.  In the literature, some 
workers employed flame annealing.  However flame anneal is not suitable here, as 
the temperature is too high which leads to dewetting of the thin gold films.  After 
24 hours, the substrate was extracted, washed with tetrahydrofuran, iso-propanol 
(twice) and blown dry with nitrogen gas. All assembly steps were conducted in a 
Class 1000 clean room and Class 100 laminar flow hood. 
2.9 Device Fabrication and Current-Voltage (IV) measurement  
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For the molecular tunnel junction devices, patterned 3 nm Cr and 50 nm 
Au bottom electrodes were evaporated through a shadow mask onto 15 x 15 mm2 
SiO2/Si wafers. These were then O2-plasma-treated and annealed to 250 ºC as 
before, and then immersed in a freshly prepared thiol solution of the SAM for > 
36 h.  At the completion of the molecular assembly, the substrates were removed, 
washed with iso-propanol (twice) and blown off with N2.  The top electrode of a 
60-nm-thick 1:16 PEDT:PSSH was then spin-coated over the SAM, and a 100 nm 
Al lead layer for contact evaporated through a shadow mask to define  0.1 x 0.1 
mm2 molecular junctions. The PEDT: PSSH top electrode is very crucial to 
protect the integrity of the underlying SAM against the incoming hot reactive Al 
atoms. PEDT:PSSH is an unusually stable p-doped conducting polymer dispersed 
in a PSSH matrix [8, 9].  It exhibits a similar work-function (4.6–5.2 eV) to the 
SAM on Au (4.4–4.8 eV), so the contact potential difference is small. 
Additionally, the ratio of PEDT to PSSH (1:16 mol/mol) in the formulation was 
selected to give sufficiently high electronic conductivity (σ ≈ 10–5 S cm–1) to 
introduce negligible resistance between the Al lead and SAM layer (≈ kΩ), 
compared to molecular junction itself (e.g., 18 MΩ for C18SH), but also 
negligible parasitic conductance across the wafer surface (10 GΩ per sq).  From 
previous impedance spectroscopy work [10], the Schottky barrier between Al and 
PEDT:PSSH is expected to be of the order of kΩ.  Parasitic resistance along the 
Al and Au electrode leads, including probe spreading resistance is < 10 Ω. 
The thickness of PEDT polymer was monitored by a profilometer, which 
is useful tool for measuring surface roughness, waviness, and step height. Film 
under 100 Å can readily be measured as long as the step height is well defined. 
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The operation theory is very simple. After a sample is loaded on sample stage, a 
stylus is lowed and contacts the sample with a set pressure. The stylus scans the 
sample surface literally to determine the surface morphology. A Tenco P-1 
instrument was used in this work.  
The tunnel junction structure (circled area: 0.01 mm2) is shown in Figure 
2.2.  IV characteristics were measured on a Keithley 4200 semiconductor 
parameter analyzer using a probe-station operated in the glove box (O2 and H2O < 
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Large-Area Molecular Rectifier Junction Based on Push-
Pull Molecules 
3.1 Introduction 
Molecular electronics represent the ultimate challenge in device 
miniaturization where molecular rectifiers [1-3] provide the basic components for 
memory and logic devices. Molecular rectifier, also called molecular diode, allow 
electric current to pass in one direction and block it in the opposite direction. 
Research and development in molecular rectifier is one of the major endeavors in 
the area of molecular electronics.  
3.1.1 P-N junction as classical rectifier  
When an n-type Si layer is brought into contact with a p-type Si layer 
(Figure 3.1 a), the holes concentrated on the p-side would like to diffuse to fill the 
crystal uniformly, while the electrons would like to diffuse from the n side (Figure 
3.1 b). As soon as a small charge transfer has taken place by diffusion, there is left 
behind on the p side an excess of negative ions and on the n side an excess of 
positive ions (Figure 3.1 c). This double layer of charge creates an electric field 
direction from n to p that inhibits diffusion and maintains the separation of the two 
carrier types. Because of the double layer the electrostatic potential in the crystal 
takes a jump in the junction region. The region in which these carrier densities are 
non-uniform is known as the “depletion layer”, this layer usually has a range of 










Figure 3.1 Schematic of p-n junction. (a) The majority carriers are holes in p 
region (left), while the majority carriers are electrons in n region (right). (b) 
Variation of the hole and electron concentrations across an unbiased junction. (c) 
Electrostatic potential from positive (+) and negative (-) ions near the junction [4]. 
When a “forward bias” voltage is applied (positive voltage to the p region 
and negative voltage to the n region, V>0), the current increases, because the 
potential energy barrier is lowered, thereby enabling more electron to flow from 
the n side to the p side, while the holes flow from p side to the n side. However, a 
“reverse bias” voltage (negative voltage to the p region and positive voltage to the 
n region, V<0) increases the potential difference between the two regions, and 
practically no electrons or holes can move across the barrier in this situation. The 
relation of current versus applied voltage for a p-n junction rectifier is shown in 
Figure 3.2. This asymmetrical current-voltage relation is the signature of the 
“rectification” property of a p-n junction. 
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Figure 3.2 Current-voltage behaviors in a p-n junction 
3.1.2 Aviram-Ratner Model as Molecular Rectifier 
In 1974, Aviram and Ratner [6] proposed a single molecule rectifier. In 
their model, an asymmetrical molecule D-σ-A, that consists of a good electron 
donor (D) and a good electron acceptor (A) linked by a rigid σ bridge, should 
operate as a nanometer-scale rectifier when sandwiched between two conventional 
electrod es. The molecule proposed in the original paper was never synthesized 
but consisted of an electron-donor (TTF) linked via a bicycle [2.2.2] octane bridge 
to an electron-acceptor (TCNQ) (Figure 3.3).  
Aviram and Ratner proposed that electroactive donor–barrier–acceptor (D-
σ-A) moieties allow injection of electrons and holes respectively into the lowest 
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital 
(HOMO) when the electrodes are biased such that the Fermi level (Ef) of the 
cathode approaches the acceptor LUMO and that of the anode approaches the 
donor HOMO, and so current flows. (Figure 3.4)  When biased in the reverse 
direction, the applied voltage needs to be even larger before the cathode and anode 
approach the donor LUMO and acceptor HOMO respectively. As a result, the 
current–voltage (IV) behavior is asymmetrical and hence rectifying.  This AR 
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mechanism has guided experimental molecular rectifier efforts for many years, by 
emphasizing the use of low-ionization-energy donor group together with high-







Acceptor DonorSigma-bridge  
Figure 3.3 The Aviram-Ratner model molecule 
 
Figure 3.4 Energy-level diagrams of AR model (D: donor; A: acceptor) 
3.1.3 Push-Pull molecules as molecular rectifier  
A push-pull molecule [9] is one that bears an electron-donating (donor) 
group and electron-withdrawing (acceptor) group interacting via a π-conjugated 
system. An electron donor group can be recognized by lone pairs on the atom 
adjacent to the π system, such as amino, dialkylamino, ether and oxide (O-). 
Electron acceptor group can be recognized by the atom adjacent to the π system 
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having several bonds to more electronegative atoms, such as nitro, carbonyl and 
cyano groups. Push-pull molecules have been widely studied for second-order 
nonlinear optical properties [10] in the past decades. 
As an alternative approach for AR model, push-pull molecules (i.e. D–π–A 
complexes) in which the two moieties are electronically coupled via a π-bond to 
give strongly-dipolar complexes have been investigated [11-16], and often 
interpreted as a variant of the sequential AR mechanism. 
In this work, two series “push-pull” mode molecules as SAMs have been 
designed. 
(i) HS-alkyl chain- electron donor – π (phenyl) – electron acceptor 
(ii) HS-alkyl chain-electron acceptor – π (phenyl) – electron donor 
The molecules structures are shown in Figure 3.5.  The D–π–A conjugated 
moiety is attached to –SH through a C11 (except for compound 7 which is C10) 
alkylene chain either at the D or A end.  This allows the use of the well known 
thiol–Au chemistry to self-organize a molecular film onto Au electrodes [17-19]. 
The spacer length was chosen to give better self-assembly.  The D–π–A core has a 
larger molecular cross-section (25–30 Å2) than the alkyl chain (20–25 Å2), and so 
short spacers tend to give poor packing, as indicated in previous film thickness 






















Figure 3.5 Chemical structures of SAM compounds (compound 4, 7, 14 and 21) 
The D–π–A moiety is an asymmetrically-substituted p-phenylene 
(compound 4 and compound 7) or p, p’-asymmetrically-substituted trans-
stilbene (compound 14 and compound 21). Compound 4 and compound 14 
have the positive end of the dipole towards the alkyl spacer, while compound 7 
and compound 21 are reversed.  Comparative studies will be made for these two 
series of compounds. The synthesis work of four compounds was described in 
Chapter 2. 
3.2 Characterization of the push-pull thiols as SAMs  
3.2.1 Thickness measurement by Spectroscopic Ellipsometry 
Ellipsometric data (∆(λ), ψ(λ)) was collected for each Au substrate before 
SAM assembly to allow for optical function variation due to film roughness and 
grain effects, and at selected intervals after immersion into thiol solution of the 
molecules at room temperature (22ºC).  To extract the film thickness, it is 
essential to first estimate the refractive index function of the films, since the 
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refractive index and thickness parameters of ultrathin films are strongly coupled 
together and thus cannot be independently determined by ellipsometry.   
To estimate the refractive index function, we referred to the extensive data 
already known for organic materials.   For example, in the liquid state, the 
refractive index at room temperature at the sodium D line (589 nm) nD is 1.43 for 
octane and tetradecane, 1.49 for toluene and 1.62 for cis-stilbene; and in the solid 
state, 1.51–1.52 for polyethylene, 1.49–1.50 for polystyrene.  Therefore we 
estimate for the alkyl segment of the SAM molecules nD ≈ 1.45 in agreement with 
other workers [22, 23], and for the D–π–A segment nD ≈ 1.50–1.60.  For the SAM 
monolayers here which comprise an alkyl sub-layer and a D–π–A sub-layer, we 













111 ⋅+⋅=  where 
n1 and n2 are the respective refractive indices of the alkyl and aromatic sub-layers, 
d1 and d2 are their respective thicknesses, and d is the total thickness.  This then 
gives an average nD ≈ 1.48–1.50 for the monolayer film.  The small anisotropy in 
these ultrathin films also makes little or no difference to the ellipsometry results.  
To include the effects of the weak optical dispersion, I used the Cauchy function 
2λ+= BAn  with parameters A = 1.46, and B = 0.01 with λ in microns.  [The 
value of B has been chosen to match the experimental dispersion of toluene.]  This 
function leads to nD = 1.49.  From these considerations, the total uncertainty in the 
refractive index function is thus expected to be ± 0.05 units.  For this uncertainty, 
simulation of the ellipsometry data suggests an error of ± 5% in the deduced film 





















Assembly time (min)  
Figure 3.6 SAM film thickness–time plots measured on Au  
The adsorption kinetics for four molecules (compound 4, 7, 14 and 21) 
was monitored by spectroscopic ellipsometry over the 500–1000-nm wavelength 
region by removing the substrate from SAM mother solution at selected intervals 
(Figure 3.6). The data indicates that a self-limiting monolayer is obtained beyond 
ca. 30 h. The limiting film thickness for the reference C14SH is 20.2 Å 
(theoretical length 21 Å), which indicates a chain tilt angle of 30º from normal. 
This result is in agreement with that of other reports [17, 19]. For the other SAM 
films, the pendant aromatic group is expected to result in a small increase in this 
tilt angle due to the packing of the group. However, the limiting ellipsometric film 
thicknesses of compound 4, 14 and 21 are considerably less than those expected 
from their extended conformations, but are rather similar to that of the contracted 
conformations. (Table 3.1) In these contracted conformations, the D–π–A moieties 
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must be disposed significantly away from the surface normal, thus contribute to 
poorer packing of the alkyl chains of these SAM molecules.  
3.2.2 Dipole moment calculation 
Theoretical dipole moment for the D–π–A moiety in the gas phase was 
computed using (i) density functional theory (DFT) implemented in Gaussian 98 
package [24] using Becke’s three parameter hybrid functional with the Lee-Yang-
Parr correlation function (B3LYP) and STO-3G basis set, following geometry 
optimization; and independently using (ii) Austin model 1 (AM1) implemented in 
molecular package (MOPAC), following geometry optimization.  Calculated 
dipole moments in Table 3.1 are cited as the mean of the two methods. 1 Debye 
(D) = 3.336x10–28 C cm. The results give satisfactory agreement (typically better 
than 15%) with experimental results for the known molecules. The sign gives the 
polarity of the ω-end of the molecules relative to the thiol end.  
3.2.3 Work function measurement by UPS 
The monolayers assembled on gold substrates by four molecules 
(compound 4, 7, 14 and 21) were analyzed by Ultraviolet Photoelectron 
Spectroscopy (UPS) technique. Firstly, UPS valence band region together (Figure 
3.7) with X-ray photoelectron spectroscopy (XPS) (not shown here) confirm the 
presence of the monolayer. Secondly, if contracted conformation is true, the 
effective dipole moment that is associated with well-aligned D–π–A units will 
vanish. This is confirmed by UPS work-function (φ) measurements shown in 
Figure 3.7. The value of work function is the energy difference between the Fermi 
level (Ef) of the underlying polycrystalline thin-film Au substrate and the vacuum 
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level that lies outside the SAM layer. It is therefore sensitive to the presence of an 
electrostatic field (i.e., net dipole moment) within the SAM layer that raises or 





































Figure 3.7 UPS spectra of (left) the low-energy-cutoff (LECO) and (right) Fermi  
The measured variation in the work-function is very small (less than ± 0.2 
eV) across the D–π–A molecules. (Table 3.1) Therefore, the D–π–A units may be 
highly tilted, which is consistent with the film thickness results. This tilting and/or 
disordering is considerably more severe than that reported for the non-dipolar ω-
biphenyl alkyl thiols, which are expected to show similar steric effects in the 
terminal group [20].  It is thus likely to be driven by the reduction of the 
electrostatic energy associated with these dipolar D–π–A units. Untethered 
charge-transfer molecules in LB films indeed adopt an anti-parallel arrangement 
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and present symmetrical IV characteristics [14]. However, the direction of 
molecular polarity does not reverse here, as the moieties are molecularly tethered 
at one end to the Au surface.  
For compound 7, the SAM thickness agrees well with the extended 
conformation. However, it appears that the dominant contribution, 65% of dipole 
moment comes from the C=O group, which lies nearly in the plane of the film, 
according to theoretical calculations. Therefore, only a small dipole moment 
component is perpendicular to film plane, again consistent with UPS work-
function results.  
The change in work-function ∆φ is related to the net dipole moment µ in 




qd , where d is distance between the 
charge planes, q is charge per molecule, εr is relative dielectric constant (≈ 3), and  
σ is the molecular cross-section or footprint (estimated to be ≈ 30 Å2, larger than 
the 22 Å2 for alkyl chains because of the bulky D–π–A moieties).  This 
gives µ=φ∆ 42.0 , with µ in Debye (D) and q in eV units.   From the measured ∆φ 
of < 0.2 eV, I obtained µ < 0.5 D, which is about one-tenth of the molecular dipole 
moment in model compounds or from quantum chemical calculations (Table 3.1).  
Therefore the D–π–A units here must be highly tilted, probably in order to reduce 
their mutual electrostatic energy.   
3.2.4 Molecular conformation model 
Since the final thicknesses of compound 4, 14 and 21 were considerably 
smaller than their extended lengths, but similar to the contracted conformations 
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which disposed the D–π–A moieties along (rather than perpendicular to) the film 
surfaces. As a result, the effective dipole moments in these films can be expected 
to be small, which has been confirmed by UPS work-function measurements.  
Thus the possible molecular model of the SAM molecules (S atom yellow, N blue, 
O red) drawn for the all-trans alkylene chain conformation is shown in Figure 3.8.  
The loop denotes the orientation span of the D–π–A moiety for different 
conformation at the link atom.  These gauche–trans conformations are explicitly 
shown for compound 14.  The molecule can therefore be kinked at the link atom 
to dispose the aromatic unit at high tilt angles nearly parallel (contracted 
conformation) or small angles nearly perpendicular (extended conformation) to 
the film surface. The data indicates that compound 4, 14 and 21 adopt primarily 
the contracted conformation. 
 
Figure 3.8 Molecular models of the SAM molecules 
Molecular models were built using MOPAC at the AM1 level to visualize 
the spatial geometry of these molecules, in particular the gauche and trans 
conformations at the sp3 carbon or nitrogen atom (the “link” atom) linking to the 
D–π–A moiety.  Simple alkylthiol chains on Au are known to adopt the all-trans 





C14SH 21 7 14 4 
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The attachment to the aromatic unit could lead to some disordering in the packing 
of the alkyl segment of the SAM, but is not further investigated here.  The 
aromatic unit is stiff, but the alkyl chain could be flexible. Crucially, the thickness 
of the SAM depends on whether the molecule adopts the extended or contracted 
conformation at the link atom, which can therefore be revealed by direct thickness 
measurements.  For comparison, we also included SAMs of C14H29SH which has a 
length similar to these materials (denoted here C14SH) as reference. 
Table 3.1 Properties of SAMs  
 C14SH Comp 4 Comp 7 Comp 14 Comp 21
Tunnel width: theory (Å) (a) 21 18–22 19–23 19–27 20–29 
Tunnel width (d): expt (Å) (b) 20.2 17.8 23.5 22.5 17.6 
Molecular conformation (c) all-trans contracted extended  contracted contracted 
Dipole moment of D–π–A 
model compounds: expt (D) 
(d)[27] 
-- –5.9 5.1 –7.0 -- 
Dipole moment of D–π–A : 
calc (D)  
-- –5.7 4.3 –6.8 4.8 
Work-function (eV) 4.45 4.65 4.6, 4.4 4.65, 4.75 4.75 
(a) Theoretical tunnel widths were computed as the distance from the top of the Au 
surface to the SAM van der Waals surface for the range of disposition of the D-π-A 
moieties, assuming an upright all-trans alkyl chain.  This is estimated from dAu–S + dS–ω + 
dvdw, where dAu–S is the distance of S above the Au surface (≈1.2 Å), dS–ω is the distance of 
the frontier atom/ group above the S plane (obtained by AM1 calculations), and dvdw is the 
van der Waals radius of that frontier atom/ group (e.g., ≈2.0 Å for CH3). 
(b) Experimental tunnel widths (d) were obtained from the ellipsometric thicknesses 
(dellip) after correction with +3.5 Å.  This was found necessary from the systematic 
difference of 3.5 Å between dellip and theoretical thicknesses (taking into account a 30º-tilt 
angle) for a range of C8–C16 alkyl thiols assembled on Au.  The correction probably 
accounts for the physisorption of ambient moisture that occurs on clean Au (which 
remained hydrophilic throughout the measurements) but not on the SAM-passivated Au 
surfaces.   
(c) “Contracted” corresponds to nearly parallel orientation of the D–π–A moiety on 
the film surface.  “Extended” corresponds to nearly perpendicular orientation of the D–π–
A moiety to the film surface.  In addition, the alkyl chain could also be contracted due to 
lowered packing density. 
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3.3 Electrical characterization of rectifying molecular junction devices  
Numerous attempts to form rectifying solid-state molecular junctions 
relied on the use of Langmuir-Blodgett (LB) films sandwiched between two 
electrodes [7, 8, 12-15].  Other experiments employed tunneling tip junctions [16, 
28-32],  or mercury drop contacts with SAM films [8, 33, 34].  For solid-state 
devices, rectification ratios of 1.4–20 have been reported[7, 8, 12-15], but usually 
with low forward-bias current densities (< 10 µA cm–2 at 1 V for 1.5-nm wide 
junctions), sizeable hysteresis, and sometimes rapid loss of rectification within a 
few sweep cycles, and low overall yields.  Therefore the chief difficulty in solid-
state molecular rectifiers lies in the fabrication of robust and well-behaved 
molecular rectifying junctions at a sufficiently high yield.  
In this work, I have fabricated reproducible large-area tunnel junctions and 
characterized the rectifying effect based on four push-pull molecules. We show 
that reproducible rectifying IV characteristics can be obtained from Au/ tail-D–π–
A SAM / PEDT: PSSH device structures in similarly remarkably high yields.  The 
detailed experiment procedure in device making is described in chapter 2. 
Figures 3.9 below give the current density–voltage (jV) characteristics for 
the rectifying molecular junctions based on compound 14 and compound 21, 
respectively, each showing small hysteresis and good stability upon repeated 
cycling. The small spread in the jV curves indicates excellent reproducibility of 
these measurements, similar to that reported for the electrically-symmetrical Au/ 
alkyldithiol/ PEDT:PSSH/ Au junctions[35]. Typical device yield is 11 out of 12 
(i.e., > 90%). These devices can be repeatedly cycled to 2 V without electrical 
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breakdown. Therefore the dielectric breakdown strength exceeds 10 MV cm–1 







































































































































































































































Figure 3.9 Electrical characteristics of the molecular junction (a) Log–lin jV 
characteristics for compound 14 (4 devices). (b) Log–lin jV for compound 21 (5 























































Figure 3.10 Log–lin jV characteristics of a C14SH junction and a “shorted” 
junction with no SAM are also shown for comparison 
Figure 3.10 gives current density–voltage (jV) characteristics of a C14SH 
junction and a “shorted” junction with no SAM for comparison. The measured 
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current densities are several orders of magnitude lower than the “shorted” current 
density but higher than that of the C14SH reference junction. Hence the results 
show no pinhole defects through the films.  For the device without SAM (i.e., no 
tunnel junction), a resistance of 2–3 kΩ is obtained, consistent with expectations 
that the parasitic resistance is indeed negligible. 
The rectification direction (i.e., polarity for forward bias which is defined 
to be the direction for easy conventional current flow) is in the direction from 
donor to acceptor in all cases. Rectification directions for compound 4 and 
compound 14 corresponds to Au positive (i.e., donor end more positive than 
acceptor), while the rectification direction corresponds to Au negative (i.e., donor 
end more positive than acceptor).  As shown in Table 3.2, all the molecular 
junctions give a rectification ratio (i.e., the ratio of current in forward bias to 
reverse bias) of 2–3 at ± 2.0 V, larger than C14SH junctions (ca. 1.4 and 
unstable). The weak rectification of the C14SH junction probably arises from the 
inherent electrical asymmetry of the Au–S contact, and can also be seen in the 
data elsewhere [35]. In all case, the rectification corresponds to easy current flow 
in the direction from donor to acceptor (for convention current, electron current 
goes the other way). 
Table 3.2 Properties of SAMs applied devices 
 C14SH Comp 4 Comp 7 Comp 14 Comp  21 
Rectification ratio (a) 1.4  2.2  1.4  3.3 2.0 
(a) Rectification ratio defined as absolute value of I+ / I– where I+ is forward bias and I– 





In summary, two series of “push-pull” molecules with opposite dipolar D–
π–A moieties have been designed and synthesized. Those molecules with alkyl 
thiol chains have been assembled into monolayer films on Au.  Robust large-area 
molecular rectifier junctions from those “push-pull” molecules have been 
demonstrated using a simple sandwich device configuration of Au/ donor-acceptor 
self-assembled monolayers/PEDT/Al. These devices show obvious asymmetric 
effect under applied bias.  The device characteristics are repeatable and 
reproducible from device to device.   
The push-pull compounds do not give any significant dipole alignment due 
to the adoption of high molecular tilt-angles presumably to lower electrostatic 
energy in these monolayer films, but nevertheless show molecular rectification of 
the tunnel current in sandwich devices.  Therefore the rectification is likely to 
occur through an asymmetric tunneling mechanism due to differential coupling to 
the donor and acceptor states. Although the rectification ratio presently achievable 
is modest, the results show that robust rectification is possible in solid-state 
molecular junctions. In addition, elementary consideration of the effect of bias on 
the tunnel barrier shape suggests that no bias-dependent reversal of rectification 
should occur for D–π–A tunnel junctions. On the other hand, junctions based on 
D–σ–A molecules or asymmetric molecular placement or dissimilar electrode 
work-function should exhibit a bias-dependent switching of the direction of 
rectification. 
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Another important finding is that current densities of those rectifying 
molecular junctions at low reverse bias reached c.a. 100mA/cm2. Such high 
current densities obtained in this study demonstrated that robust and well-behaved 
molecular junctions were achieved, because low current densities would suggest 
highly resistive or irreproducible contacts between electrode and the molecular 
film.  
Findings of this study should provide a better understanding of molecular 
structure effect on the rectification mechanism. Moreover, it is the first example 
that robust device technique has been used to characterize the molecular 
rectification. In summary, this work should pave the way for the further study of 
mechanism of rectification in molecular electronics. 
In Chapter 4, the conduction mechanism of these four push-pull SAM 
molecules will be further discussed. 
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Electron conduction in SAMs based on large-area molecular 
junctions 
4.1 Introduction 
Understanding the charge transport mechanism in organic molecular layers 
has gained particular interest recently due to their potential applications in 
nanometer-scale electronic systems [1-3]. One of the molecular systems that have 
been studied extensively is alkanethiol (CH3(CH2)n-1SH) because it forms a robust 
self-assembled monolayer (SAM) on Au surfaces [4]. A few groups have utilized 
scanning tunneling microscope [5], conducting atomic force microscope [6, 7], or 
mercury-drop junctions [8] to investigate electron transport through alkanethiols 
at room temperature and suggested that the transport of electron operates through 
a tunneling mechanism.  
4.1.1 Theory  
Electron transfer through molecules bridging two electrodes is different 
from typical bulk transport. Quantum mechanical effects determine the conducting 
resistance. The electron conduction is expected to be tunneling when the Fermi 
levels of contacts lie within the highest occupied molecular orbital and lowest 
unoccupied molecular orbital (HOMO-LUMO) gap of a short-length molecule 
such as the alkanethiols.  
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Tunneling is a purely quantum mechanical behavior [9, 10]. During the 
tunneling process, a particle can penetrate through a barrier and transfer from one 
classically allowed region to another. Electron tunneling through the molecule can 
be approximated as a simple rectangular potential barrier tunneling based on the 
conventional one dimensional picture. Figure 4.1 shows transmission of electron 
wave function through a rectangular potential barrier with a barrier height of ∆ 
and a barrier width of d. The probability density to the right of the barrier is 
decreased due to the attenuation of the wave through the barrier. A classical 
particle would have zero probability of penetrating the barrier. However, the 
quantum behavior of the electron permits transmission. 
∆
0 d  
Figure 4.1 Transmission of electron wave function through potential barrier 
Consider a potential energy barrier of height ∆, given by the difference 
between the Fermi energy EF of the electron in the electrode and the allowed 
energy level in the gap (which is the vacuum level Ev for a vacuum gap) and width 
d. The transmission probability molT through the barrier is approximately given by 
exp (-βd) with the decay parameter β. Hence exp( )molT dβ= − and the current is 
expected to decrease exponentially as the barrier width d or the chain length of the 
molecule increases. 
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In this rectangular barrier model, β depends on barrier ∆, applied bias V, 
and the effective electron mass m*, which is given by 
2 * ( / 2)
2
m eVαβ ⋅ ∆ −= h      (4.1) 
Such a simplistic picture can be applied to molecules by replacing the 
vacuum level by a set of molecular orbitals (MOs) characteristic of the molecule. 
For a long molecular chain, the molecular orbitals degenerate into bands with an 
energy band gap between the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO). Electrons occupy MOs up to the 
HOMO level leaving the LUMO and the higher MOs empty. For a metal-
molecule-metal contact, the metal electrodes act as a reservoir of electrons, and 
the Fermi level of the electrode is located inside the HOMO−LUMO gap. The 
barrier ∆ for electron tunneling is now the energy difference between EF and the 
relevant MOs:  
( )LUMO LUMO FE E∆ = −  for tunneling through the molecular LUMO, and  
( )HOMO HOMO FE E∆ = −  for tunneling through the molecular HOMO.  
When the HOMO or LUMO is significantly closer to the electrode Ef  than 
other MOs, the effect of these other more distant MO levels is negligible, and the 
Simmons model [11, 12]
 
is an excellent approximation in this situation.    
4.1.2 Simmons tunneling model 
Metal-molecule-metal junction is one of the extensively studied tunneling 
structures. If two metal electrodes are separated by an insulating film and the film 
 75
is sufficiently thin, then current can flow between the two electrodes by means of 
tunneling [13, 14]. The purpose of this insulating film is to introduce a potential 
barrier between the metal electrodes. The simplest model to describe the tunneling 
behavior through metal-molecule-metal systems is the Simmons model [11]. The 
temperature-independent tunneling current density j through a tunnel barrier is 
expressed as  
2
4 2 4 2exp exp
2 2 2 2 2
appl appl appl appleV eV eV eVe d m d mj
h d h h
π πα απ
       ⋅ ⋅ ⋅ ⋅ = ∆ − ⋅ − ⋅ ∆ − − ∆ + ⋅ − ⋅ ∆ +          ⋅ ⋅        
                                                                                                                       (4.2) 
where Vappl is the applied bias, ∆ is the effective tunnel barrier height, d is 
the effective tunnel width, h is Planck’s constant, e is electronic charge, and m is 
the electronic mass,  α is a unit less adjustable parameter [8, 15]. The α parameter 
provides either a way of applying the tunneling model of a rectangular barrier to 
tunneling through a nonrectangular barrier [8] or an adjustment to account for the 
effective mass m* of the tunneling electrons through a rectangular barrier [7, 15]. 
If α is introduced to account for the effective mass m* of the tunneling electrons 
through molecule, m* and ∆ will be only two variables in eq. (4.2).  
In this work, determination of β and m* was carried out based on 
alkanthiol molecular junctions, and barrier height ∆ values of push-pull molecular 






4.2.1 Chemicals and materials 
Octanethiol (C8SH), decanethiol (C10SH), dodecanethiol (C12SH), 
tetradecanethiol (C14SH) and hexadecanethiol (C16SH) were used as received 
from Sigma-Aldrich without further purification. HPLC grade ethanol was used as 
solvent for self-assembly process. 
4.2.2 Fabrication of molecular junctions based on alkanethiol SAM  
Procedure for alkanethiol molecular junction fabrication was previously 
described in Chapter 2. SAMs of alkane monothiols were more difficult to apply 
to a layer of hydrophilic PEDT: PSSH owing to their hydrophobic CH3 end 
groups. To overcome this problem, one equiv volume of MeOH was added to the 
aqueous PEDT: PSSH solution during the spin-coating process.  
4.3 Results and discussions 
4.3.1 Measurement of molecular length of alkanethiol SAM  
Theoretical molecular lengths were computed as the distance from the top 
of the Au surface to the SAM van der Waals surface for CH3 moieties, assuming 
an upright all-trans alkyl chain.  This is estimated from dAu–S + dS–ω+ dvdw, where 
dAu–S is the distance of S above the Au surface (≈1.2 Å), dS–ω is the distance of the 
frontier atom/ group above the S plane (obtained by AM1 calculations), and dvdw 
is the van der Waals radius of that frontier atom/ group (e.g., ≈2.0 Å for CH3).  
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Ellipsometric data (∆ (λ),Ψ (λ)) were collected for each Au substrate 
before SAM assembly and after immersion (36 hours) into a 2.5 mM ethanol 
solution of the alkanethiols at room temperature (22 ºC).  Cauchy function 
2λ+= BAn  with parameters A = 1.42, and B = 0.01 with λ in microns was 
used, which give nD = 1.45. Excellent fit was achieved (mean square error is 
typically ≤ 4 over the entire wavelength range), which gives confidence in the 
results. Experimental molecular lengths were obtained from the ellipsometric 
thicknesses with a correction of +3.5 Å used for the push-pull SAMs described in 


















n (CnSH)  
Figure 4.2  Comparison of Ellipsometry thickness and theoretical width of 
monolayers of alkanethiols. (Square: molecular width by theoretical calculation; 
Circle: Ellipsometry experimental thickness +3.5Å) 
Figure 4.2 shows a plot of the experimental thickness (Ellipsometry) and 
theoretical molecular length against number of carbon of alkanethiol monolayers. 
As shown, the theoretical thickness predicted for a fully extended and all-trans 
configuration oriented normal to surface is consistent with the experimental 
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Ellipsometric thickness. This suggests that close packed SAM film can be formed 
and applied to molecular junction devices.  
4.3.2 IV characteristic of alkanethiol SAM molecular junctions 
Comparing our experimental IV data with theoretical calculations from 
Simmons tunneling model, important transport parameters such as the barrier 
height ∆ can be derived, which qualitatively describe the tunneling process. 
Barrier height ∆ and effective mass m* are the only unknown variables in the 
following modified Simmons equation (4.3). ∆ can be obtained by fixing a value 
for m*, or m* can be obtained by fixing a value for ∆. 
2
4 2 * 4 2 *exp exp
2 2 2 2 2
appl appl appl appleV eV eV eVe d m d mj
h d h h
π π
π
       ⋅ ⋅ ⋅ ⋅ = ∆ − ⋅ − ⋅ ∆ − − ∆ + ⋅ − ⋅ ∆ +          ⋅ ⋅        
                                                                                                                           (4.3) 
The use of an electron’s effective mass m* accounts for the influence of 
the crystal structure on the motion of the electron. In general, the effective mass is 
a function of the electron energy. Theoretical investigation on the effective mass 
of an electron tunneling through a molecular wire has been conducted in the past 
several years [16-18]. Unfortunately, the literature disagreed widely on the 
effective mass (values assumed between 0.3–1.0 me). Figure 4.3 shows the 
relationship between m* and ∆ for different β values [19]. The wide range of m* is 
primarily due to the widely differing β values ( 4 2 *m
h
πβ ⋅ ∆= − ) obtained even for 
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Figure 4.3 Effective mass dependence on barrier height in previous reports[19] 
4.3.3 β values determination based on alkanethiol SAM molecular junctions 
β value for alkanethiols obtained by various experimental techniques have 
previous been reported [7, 15]. A summary of alkanethiol tunneling characteristic 
parameters by different test structure is shown in Table 4.1. In order to compare 
with these reported β values, I performed a length-dependent analysis on our 
experimental data according to the generally used equation dJ e β−∝ . Two 
alkanethiols of different molecular lengths octanethiol (C8SH) and dodecanethiol 
(C12SH) were investigated in this study. I separately fabricated molecular 




Table 4.1 Summary of alkanethiol tunneling characteristic parameters by different 
test structures [19] 
junction β (Å-1) J (A/cm2) at 
1V 
∆ (eV) technique ref 
(bilayer) 
monothiol 
0.87 ± 0.1 25-200a) 2.1e) Hg-junction [8] 
(bilayer) 
monothiol 
0.71 ± 0.08 0.7-3.5a) - Hg-junction [21] 
monothiol 0.79 ± 0.01 1500 ± 200 b) 1.4 e) Solid M-I-M [15] 
monothiol 1.2 - - STM [5] 
dithiol 0.8 ± 0.08 3.7-5*105 c) 5 ± 2f) STM [22] 
monothiol 0.73-0.95 1100-1900 d) 2.2 e) CAFM [23] 
monothiol 0.64-0.8 10-50 d) 2.3 e) CAFM [7] 
dithiol 0.46 ± 0.02 3 – 6*105 c) 1.3-1.5e) CAFM [24] 
monothiol 1.37 ± 0.03 - 1.8 f) Tuning fork AFM [25] 
monothiol 0.97 ± 0.04 - - electrochemical [26] 
monothiol 0.85 - - electrochemical [27] 
monothiol 0.91 ± 0.08 - - electrochemical [28] 
monothiol 0.76 2 * 104 (at 
0.1V) 
1.3-3.4 g) theory [29] 
monothiol 0.76 - - theory [30] 
Monothiol 0.76 - - theory [31] 
Note: (1) Some decay coefficients β were converted into the unit of Å-1 from the unit of 
per methylene. (2) The junction areas are estimated by an optical microscopea), SEMb), 
assuming a single moleculec), and Hertzian contact theoryd). (3) Barrier height values are 
obtained from Simmons equatione), bias-dependence of βf), and theoretical calculationg). 
Figure 4.4 is a logarithmic plot of tunneling current densities as a function 
of the molecular length for C8SH and C12SH. No hysteresis is observed in the JV 
characteristics during all the voltage sweeps. Shown in Figure 4.4, the tunneling 
current is found to decrease exponentially with increasing molecule chain length. 
By measuring the current as a function of length, the decay factor β for alkane 
systems generally can be determined from the slope at each bias. Here we collect 
the data from different bias 0.25V, 0.5V and 1.0V respectively. The molecular 
thickness used in this plot is 14.2Å and 18.4 Å respectively, which were deduced 
from experimental thickness in Figure 4.2. Note that these lengths assume 
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through-bond tunneling. For through-bond tunneling, the width of the tunnel 
barrier is equal to the length of the molecule. For molecular tunnel junctions, 
through-bond tunneling is assumed [20], which implies that the electrons do not 
tunnel through vacuum but through LUMO. This is because the mean tunnel 
barrier height from the Fermi level of the metal to the LUMO is smaller than the 





















































Figure 4.4 Log–lin jV characteristics of C8SH and C12SH junctions 
Figure 4.5 was deduced from JV characteristic for C8SH and C12SH with 
the applied voltage of 0.25V, 0.5V and 1.0 V, respectively. I found β = 1.4±0.1 Å–
1 at 1 V, which are among the highest reported [25, 32], higher than the 1.0 Å–1 
often seen in electrochemical experiments [19, 20], and considerably higher than 
the 0.6 Å–1 obtained for alkyl dithiols [33, 34] in similar Au/ SAM/ PEDT 
junctions (Table 4.1). We think a larger β value suggests higher quality tunneling 
which is less compromised by the presence of shunt conduction through defects 
which typically have a weaker distance (and voltage) dependence. We also do not 
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yet understand the reason for the lower β values found in the alkyl dithiol 
junctions [33, 34]. A possible explanation may be the presence of hairpin 
conformations that reduce the effective tunnel width, even though XPS suggests 
such conformations were minimized at the dithiol concentration used [34].  In 
addition, the value of β is largely independent of voltage (Figure 4.5). This 
observation suggests that the molecular bridge states, which determine the 
effective pathway of transport, are only weakly sensitive to voltage changes in the 












































































Figure 4.5 Log J versus the tunneling width for C8SH and C12SH molecular 
junctions 
4.3.4 m* determination based on alkanethiol SAM molecular junctions 
Figure 4.6 gives the IV characteristics of a C14SH SAM molecular 
junction (red dot line). The black solid line is generated by Simmon’s tunneling 
theory, which IV characteristics at low biases (up to ± 1 V) fits the experiment 
result exactly. In other words, the nonlinear Simmons fitting can be performed to 
fit the measured data by adjusting two parameters ∆ and m*. The barrier height ∆ 
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for alkane thiol molecules was assumed and fixed to be 4.0±0.5 eV, accordingly 
m* = 0.5±0.1 me was obtained. This value is also reasonable compared with data 
range in Figure 4.3. 
Barrier height of 4.0±0.5 eV is very close to half the expected energy gap 
(ca. 8.0 eV) between HOMO and LUMO of the alkyl chain [35]. This value is 
larger than values determined elsewhere, such as the Au/ alkythiol/ Au nanopores 
[15].  This is reasonable because of the less molecular “damage” by the use of 
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Figure 4.6 Simmons tunneling fitting of C14SH molecular junction behavior (red 
dots line is experimental IV characteristic; black solid line is Simmons model) 
4.3.5 Determination of barrier height in push-pull molecular junctions 
Having determined the important parameter m*, the second part of this 
chapter addresses the conduction mechanism through push-pull SAM molecules.  
Figure 4.7 demonstrates the jV characteristics of the molecular junctions for 
compound 4, 7, 14 and 21. As shown, all the four jV curves follow the prediction 
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of Simmon’s tunneling theory without image-potential correction [11] over 2–3 
orders of magnitude of current density. Image potential correction is probably not 
necessary because the plasmon frequency of Au (ca. 6 x 1014 s–1) and of PEDT: 
PSSH (ca. 2 x 1014 s–1) is smaller than the inverse of the electron tunnel time (ca. 
1015 s–1).  ∆ is the only free parameter since d is accurately known from 
spectroscopic ellipsometry.  The uncertainty in ∆ is ± 10 % for an uncertainty in d 
of ± 5 %.  Therefore ∆ can be reliably extracted by fitting the calculated curve to 
the experimental data. Therein, m* = 0.5 me was used, which is confirmed as 
reasonable value through alkanthiol SAM tunneling study in the first part of this 
chapter. 
The best fitting parameters for jV data were found to be ∆=3.4 eV, 2.6 eV, 
2.75 eV and 3.4 eV for compounds compound 4, 7, 14 and 21, respectively.  For 
example, using ∆=3.4 and m*=0.5, a calculated jV for compound 4 is plotted as a 
solid curve in figure 4.7 (a).  
The incorporation of π-conjugation in typical D and A moieties should 
lower the effective barrier and therefore increase the current density further.  
Therefore low current densities suggest highly resistive or irreproducible contacts 
between the top electrode and the molecular film.  Large current densities through 
alkyl spacers have in fact been measured in nanopore structures [15].  The 
extracted ∆ values for the D–π–A SAMs were lowered by 0.6–1.4 eV than that for 
alkanethiol SAMs, in broad agreement with the participation of π–π* states 
(HOMO–LUMO gap expected to be ca. 5–6 eV) in the tunnel path.  Thus despite 
the severe tilt of the terminal D–π–A aromatic unit, it still has a significant impact 











































































Figure 4.7 Electrical jV characteristics of the push-pull molecules (compound 4, 
7, 14 and 21) in the cross-wire molecular junctions: Au/ tail-D–π–A or tail-A–π–
D/ PEDT: PSSH/ Al. The calculated jV characteristics for a symmetrical tunnel 
junction according to Simmon’s theory for the barrier height ∆ are also shown. 
Thick solid line = Simmons tunnel model. (a) Log–lin current density–voltage (jV) 
characteristics for compound 4 molecular junctions (6 devices); (b) Log–lin jV 
characteristics for compound 14 (6 devices); (c) Log–lin jV characteristics for 
compound 7 (4 devices); (d) Log–lin jV characteristics for compound 21 (5 
devices). 
In addition, for these D–π–A junctions which comprise an alkyl sub-layer 
and a D–π–A sub-layer, the barrier can be considered to be a step function 
comprising the alkyl barrier (of height ∆1, and width d1) adjacent to the aromatic 
barrier (of height ∆2 < ∆1, and width d2).  The ∆ values extracted from the 
Simmons’ fit therefore represent an effective barrier height across the entire 





∫ ⋅−⋅=∆ zz dzzEzVd       (4.4) 
where V(z)–E(z) is the tunnel barrier shape given by the distance-dependent 
energy of the tunneling electron below the vacuum level or molecular conduction 
level as appropriate. This average is given for the stepped barrier by 
)(1 2211 ∆⋅+∆⋅⋅=∆ ddd  for near zero-bias.  If we take ∆1 = 4.0 eV, and 
make reasonable estimates for d1 and d2, we obtained estimates for ∆2 to be about 
2 eV for compound 4 and 21, which appears to be reasonable (the π–π* gap from 
the peak of the UV-vis absorption is 3.9 and 3.2 eV respectively) and about 1 eV 
for compound 7 and 14. 
4.4 Conclusion 
In this chapter, charge transport through large area molecular junction of 
alkanethiol molecules and D-π-A conjugated molecules was investigated by 
sandwiching SAM between Au and PEDT electrodes. All the IV measurements 
show that at low bias the current increase linearly with applied bias. This is 
expected for a molecular junction when the mean tunnel barrier height is larger 
than the applied voltage [11]. On the other hand, the expected behavior for 
molecular junction at high bias, the current increases exponentially with applied 
voltage [12]. 
In the first part of this chapter, IV measurements on various alkane thiols 
of different molecular lengths were performed to investigate length-dependent 
conduction behavior. The high value (1.4 Å-1) of decay coefficient β measured 
suggests high quality defect-free tunneling. The dependence of the current density 
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on the molecular width substantiated that the non-resonant tunneling is the 
dominant transport mechanism for the alkane thiol molecules. At low biases, the 
tunnel current is symmetric and can be described by Simmons tunneling theory 
with m = 0.5 me and ∆=4.0 eV.  
In the second part of this chapter, the measured IV data are compared with 
theoretical Simmons modeling, and barrier height for push-pull molecules 
tunneling was deduced accordingly. Although D-π-A conjugated molecules 
formed bent conformation on the Au substrates, they showed 0.6-1.4 eV lower 
barrier height than saturated alkanethiol molecules, which means the terminal D–
π–A aromatic unit still has a significant impact on current flow.   
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Application of ionic assembly technique to molecular rectifier 
5.1 Introduction  
Molecular rectifier represents the organic counterpart of the electro-active 
component – diode, but their rectifying performance has fallen short compared 
with inorganic devices. The reported rectification ratio with values of 2-30 and 
exceptionally 150 at ±1V [1, 2] is too small to have any real applications. Thus the 
challenge in the field of molecular rectifier has shifted to fabricating molecular 
systems with improved electrical asymmetries to increase the rectifying ratio. 
Among the many efforts, ionic assembly technique developed by Ashwell’s group 
[3] has achieved molecular rectifier with the highest rectification ratio in excess of 
3000 at ±1V [4]. The ionic assembly was used to provide an ultrathin donor-
acceptor sequence between electrodes for molecular rectification.  
In this work, we have designed and studied several series of molecular 
rectifier systems based on ionic dyes. The rectifying performance of the ionic 
assembly was evaluated rectifiers based on large-area molecular junction devices.  
5.1.1 Layer-by-layer structures 
Although self-assembled monolayer (SAM) and Langmuir-blodgett (LB) 
techniques are the best known methods for preparation of organic thin film on the 
substrate, they are not the best methods to form multilayer structure.                              
It is known that LB technique is capable of producing multilayer films in well 
defined layer thickness where the ordering of molecules can be controlled.  
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However, organic compounds suitable for LB preparation are limited, because 
water-insoluble and surfactant-like properties are usually required. On the other 
hand, self-assembled monolayers method based on covalent or coordination 
chemistry are restricted to only a certain class of organics, which may not be 
amenable to forming multilayer structures, unless surface chemical modifications 
are made [5]. 
Table 5.1  Methods of self-assembly which involve secondary interactions [6] 
Type of interaction Strength 
(kJ mol-1) 
Range Character 
van der Waals 51 short non-selective, non-directional 
H-bonding 5-65 short selective, directional 
coordination binding 50-200 short directional 
Ionic 50-250a long non-selective 
Covalent 350 short Irreversible 
aDependent on solvent and ion solution [6] 
It was therefore desirable to develop a simple approach that would yield 
nano-structured multilayer films with good separation of individual layers, but 
whose fabrication would be largely independent on the nature, size, and topology 
of the substrate. Fortunately, secondary interactions provide the possibilities for 
such modes of self-assembly.  Table 5.1 lists some of the most common secondary 
interactions, as well as of their structure-determining properties [6]. It is important 
to note that these interactions should be sufficiently strong to provide stability, but 




5.1.2 Ionic self-assembly (ISA) techniques 
Among the secondary interactions, the electrostatic attraction (ionic 
interaction in Table 5.1) between the oppositely charged molecules seemed to be a 
good candidate as a driving force for multilayer buildup, because it has the largest 
interaction strength (50-200 kJ mol-1) and also the least steric demand of all 
chemical bonds. Therefore the ionic self-assembly (ISA) technique, i.e. the 
coupling of structurally different building blocks by electrostatic interactions, can 
serve as a useful vehicle for the production of multilayer films [6, 8, 9]. ISA 
technique is characterized by several advantages: i) the preparative procedure is 
simple and elaborate apparatus is not required; ii) it is cheap and is very flexible 
and much broader in applications than, for instance, multiple hydrogen bonding or 
stable metal coordination; iii) the individual layer has molecular thickness and iv) 
any charged surface is employable.  
 
Figure 5.1  ISA schematic for buildup of multilayer assemblies by consecutive 
adsorption of anionic and cationic polyelectrolytes from aqueous solutions [5] 
ISA has been successfully used to organize various types of charged 
species, such as dyes [10, 11], dendrimers [12] and perylene derivatives [13]. 
 94
Figure 5.1 describes one example of the ISA process [5], which relies on the 
formation of alternating simple polyelectrolyte monolayers. In this process, a pre-
cleaned and functionalized substrate is first dipped into a solution containing 
polyanionic complexes that are attracted to the cationic surface. The alternating 
anionic-cationic-anionic process results in a multilayer structure.  
5.1.3 ISA technique for molecular rectifier applications 
The first example using ionic assembly to provide an ultrathin donor-
acceptor sequence for molecular rectification was reported in 2006 [3]. The high 
rectification ratio of 60-100 at ±1V was obtained from controlled alignment from 
anionic molecules on a cationic surface. Anionic donor is copper (II) 
phthalocyanine-3, 4’, 4’’, 4’’’-tetrasulfonate, or CuPc(SO3-)4(Na+)n in short. 
Cationic acceptor is N, N’-bis-(3-acetyl-sufanylpropyl)-4,4’-bipyridinium diiodide. 
This viologen salt was designed by two -SAc groups at two ends of molecules. 
The coupling reaction between sulfur and gold surface formed the first layer. 
Short alkane chain (three methylene groups) between SAc and bipyridinium is 
used to ensure orderly self assembly. 
The formation of bilayer structure was accomplished in two steps: i) by 
immersing gold-coated substrates in a methanol solution of viologen salt to which 
two drops of ammonia solution were added to remove the acetyl groups and ii) by 
metathesis with CuPc(SO3-Na+)4 in aqueous methanol. The bilayer structure is 
shown in Figure 5.2. With this ionically coupling a cationic acceptor layer and an 
anionic donor layer, an optimum rectification ratio of 100 at ±1V has been 
obtained. On the other hand, a device made from the acceptor layer alone or a 
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acceptor-donor-acceptor trilayer structure, was characterized by symmetrical IV 
curves.  This suggests that the acceptor-donor bilayer structure is unique to 



















Figure 5.2 Bi-layer structure formed from ionic assembly technique [13] 
The above mentioned IV rectifying characteristic was investigated by the 
STM technique. As discussed in Chapter 2, STM technique suffers from 
measurement inaccuracy when applied to molecular electronics. In this work, we 
attempted to study the possibility of using ionic assembly technique to improve 
molecular rectifying properties, based on our sandwiched large area molecular 
junction technique. We have selected some known dye molecules as well as 
preparing a series of novel cationic dyes with different tail lengths.  
 
 96
5.2 Synthesis of novel ionic dyes  
5.2.1 Design and preparation of cationic iodide dye  
To produce a bilayer structure based on ionic interaction, 3-mercapto-1-
propanesulfonate was chosen as the first SAM layer which provides an anionic 
surface. The top dye molecule layer must have cationic component to make the 
electrostatic alignment possible. The D-π-A dye structures design is based on 
previous reported work [2].  In compounds 23 and 24, the dimethylamino group 
acts as a strong electron-donating component in the molecule; the CH2CH2CH2 
link between the conjugated part of the heterocycle and bridge is designed to 
break the conjugated bridge.  The synthetic procedure of dye 23 and dye 24 is 
given in Chapter 2. The chemical structures of compounds 23 and 24 are shown 















Figure 5.3 Chemical structures of compounds 23 and 24 
5.2.2 Design and preparation of molecular ruler derivatives  
In order to investigate whether the asymmetric replacement of alkyl chain 
has any effect on rectification properties, a series of dye 23 derivatives with 
different alkyl chain lengths was designed and synthesized. These molecules can 
be called molecular ruler [14]. 
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 For simplicity, the dye 23 substituted with didecatyl, dioctyl and dibutyl 
alkyi chains are named a C10 tail dye, C8 tail dye and C4 tail dyes, respectively.  
Detailed synthetic procedures can be found in Chapter 2. The chemical structures 




















Figure 5.4 Chemical structures of C10, C8 and C4 tail dye 
5.3 Controlled alignment of cationic molecules on anionic surface 
5.3.1 Formation of ionic self-assembly monitored by SE 
Gold coated substrates were prepared according to the procedure described 
in Chapter 2.  Ionically coupled bilayer structures were obtained in two steps: i) 
by immersing a gold-coated substrate into a methanol solution of sodium 3-
mercapto-1-propanesulfonate (0.5 mg/ml) for 24 h to obtain the anionic surface 
and ii) by metathesis with cationic iodide dye (dye 23 and dye 24) in 
dichloromethane (0.5 mg/ml) for 24 h, to provide the required alignment of donor-
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acceptor molecules. Following the second step, the film was rinsed with copious 
amount of water to dissolve sodium iodide that may be trapped in the structure.   
Self-assembly (first layer) process and ionic coupling (second layer) 
process were each monitored by the thickness changes using Spectroscopy 
Ellipsometry technique. The experimental thickness of the first layer is 6.8 Å, and 
that of the second layer is 12.8 Å. The theoretical molecular length of two layers 
was 7 Å and 13 Å respectively, by the same calculation method used in Chapter 3. 
The consistency between experimental thickness and theoretical thickness 
suggests that the bilayer structure is formed on the Au-coated surface. The 




















































Scheme 5.1 Representative ionic assembly architecture of dye 23 
Ellipsometry measurement indicates that the film thickness decreased by 2 
Å after water rinsing. In addition, the fitting of ellipsometry data was also 
improved due to water rinsing. This suggests that water washing is an important 
procedure after the metathesis reaction. Because of the need to spin coating PEDT 
polymer on the film during the fabrication of molecular junctions, I also measured 
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the thickness change of underlying bilayer before and after applying PEDT 
polymer film on it. The thickness remained the same after washing off the PEDT 
polymer layer with water. This suggests that polymer film does not affect the 
underlying bilayer structure.  
5.3.2 Work function measurement of ISA by UPS 
            The bilayer structures prepared from dye 23 and dye 24 on gold substrate 
were analyzed by Ultraviolet Photoelectron Spectroscopy (UPS) technique. UPS 
valence band region (Figure 5.5) confirms the presence of the monolayer. The 
work-function φ is obtained from )( LECOFermi KEKEh −−ν=φ . The change in work 
function is shown in Table 5.2.  
Table 5.2 Work function data from UPS 
As shown in the table, the work function change ∆φ for the substrate 
modified only with first layer is about 0.27 eV, which is smaller than that for 
substrate modified with bilayer structure (0.49 eV for dye 23 and 0.40 eV for dye 
24). The results obtained are reasonable for ionic dipole, which also confirms the 
formation of the ionic assembly. 
No Description Exp φ (eV) ∆φ (eV) 
1 Au blank 5.05 -- 
2 First layer 4.78 0.27 
3 Dye 23 4.56 0.49 
4 Dye 24 4.65 0.40 
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Figure 5.5 UPS spectra of the low-energy-cut-off (LECO)  
5.3.3 IV characterization of ISA structure 
Large-area molecular junctions based on ionic assembly bilayer were 
fabricated and characterized by methods described in Chapter 3.  
Figures 5.6 give the current–voltage (IV) characteristics for the molecular 
junctions based on bilayer structures formed from dye 23 and dye 24, respectively. 
Each shows small hysteresis and good stability upon repeated cycling. The small 
spread in the IV curves indicates excellent reproducibility of these measurements. 
These devices can be repeatedly cycled to 2 V without electrical breakdown. 
Given such ionic bilayer structure, we expected to see big electrical rectification 
through the molecular junctions. However, there is no obvious asymmetric effect 




























Figure 5.6 Electrical IV characteristics of the molecular junction for dye 23 (4 
devices) and dye 24 (4 devices) 
If the ionic bilayer conformation is oriented properly, the large dipole 
moment caused by ionic coupling should have obvious rectifying effect. As shown 
before, ellipsometry thickness measurement confirmed that the PEDT polymer 
layer does not damage the ionic structure at under layer. The possible reason for 
this weak rectification is that ionic assembly between the two layers is destroyed 
during the device fabrication process, probably due to high temperature during 
thermal evaporation of top electrode. Further study is under way.  
5.4 Studies on molecular ruler derivatives 
5.4.1 Ionic self-assembly monitored by SE  
The first step of ionically coupled structures formation is immersing a 
gold-coated substrate in a methanol solution (0.5 mg/ml) of sodium 3-mercapto-1-
propanesulfonate for 24 h to obtain the anionic surface. The second step is 
immersing it into those molecular ruler derivatives in dichloromethane (0.5 mg/ml) 
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for 24 h for metathesis reaction, to provide the required alignment of donor-
acceptor molecules. The proposed bilayer structure is shown for C10 tail dye as a 















































Scheme 5.2 The bilayer ionic assembly architecture (C10 tail dye as cationic layer) 
The thicknesses determined by SE measurement are shown in Table 5.3.  
SE measurements show that a thickness of 7 Å for first layer was obtained, which 
is exactly same as the theoretical thickness. Thus the formation of the first layer 
on substrate is confirmed. However, there is large discrepancy between theoretical 
and experimental thickness for the combined two layers. The experimental 
thickness is larger than the first layer thickness, but much smaller than that of 
theoretical thickness. This suggests that the molecules in the second later are not 
fully extended.  This may be due to the weight and steric effect of the alkyl chains 
which tend to bend the whole assembly. Further work is needed to investigate this 
observation.  
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Table 5.3 The experimental and theoretical thickness comparison 
  1st layer (exp/theo) 1st +2nd layer 
(exp) 
1st +2nd layer 
(theo) 
C4 dye (28) 7 Å / 7 Å 12 Å 24 Å 
C10 dye (27) 7 Å / 7 Å 19 Å 30 Å 
5.4.2 Solvent effect on the ionic assembly process 
NaI salt is normally generated during metathesis reaction in the second 
assembly step.  In order to enhance the possibility of ionic interaction between the 
two layers, MeOH, acetonitrile, acetone and DMSO were chosen as good solvents 
for NaI and the dye molecule. We have selected C4 tail dye as an example for the 
investigation. The SE thickness results are given in Table 5.4. 
Table 5.4 The experimental and theoretical thickness comparison with different 
solvent  
solvent 1st layer (exp & 
theo) 
1st + 2nd layer (exp) 1st + 2nd layer 
(theo) 
MeOH 7 Å 10 Å 24 Å 
Acetone 7 Å 13 Å 24 Å 
Acetonitrile 7 Å 7 Å 24 Å 
DMSO 7 Å 7 Å 24 Å 
DCM 7 Å 11 Å 24 Å 
As shown in Table 5.4, almost no increase in the thickness occurred after 
second layer assembly, when assembling solvent was acetonitrile and DMSO. 
Even for MeOH, acetone and DCM, the increase on the thickness is much smaller 
than theoretical predicted thickness. Since C1 tail dye (dye 23) can form bi-layer 
structure successfully, the unexpected result for C4 dye and C10 dye here is 
probably due to the steric restriction of two long alkyl chains of the second layer 





This chapter describes some preliminary experimental results obtained for 
ionic assembly systems.  
In the first part of this chapter, some cationic iodide dye molecules with 
novel structures were synthesized. From the spectroscopic ellipsometry and UPS 
measurement, a bilayer ionic assembly structure was confirmed. However, no 
obvious asymmetric IV characteristic was observed from these molecular junction 
devices. The expected high rectification ratio for ionic assembly molecular 
junctions was not achieved. The possible reason is that the bilayer structure is 
destroyed during the device fabrication process. ISA is a technique which relies 
upon charge-charge interactions, which are weaker than covalent bonds. The 
mechanical and chemical robustness of multilayered structure fabricated with 
molecular self-assembly can be an issue if the structures are used in devices 
exposed to a hostile environment [15]. 
In the second part of this chapter, a series of dye derivatives with different 
alkyl length were designed and synthesized in order to further investigate the 
mechanism of rectifying effect. However, the formation of the bilayer ionic 
assembly structure was not achieved successful, even by changing the assembly 
conditions such as solvents, time and environment.  
We believe that it is complicated to describe the molecular packing 
arrangement of the molecules based on electrostatics alone. Most likely, there is 
competition between hydrophobic versus hydrophilic effects, electrostatics, 
solvent effect and structural effect. Also, it is unclear whether the molecules are 
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adsorbed as small aggregates from solution or as larger micelles. It is therefore of 
great interest to gain more insight into the adsorption process and the factors 
affecting molecular orientation [16].  
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Attempted synthesis of benzocyclobutene (BCB) derivatives as 
dielectric for organic field effect transistors (OFETs) application 
6.1 Introduction 
With the focus on the potential applications of organic field effect 
transistors (OFETs) in low price and large area devices, the materials used in the 
fabrication of organic OFETs play a significant role in realizing the required 
electrical performance. The spectrum of applications for organic OFETs ranges 
from pixel driver transistors for flat panel display backplanes, which require very 
high uniformity of the various electrical performance characteristics and large 
drive currents of the OFETs, to transistors in integrated circuits for radio-
frequency transponders with limited budget in supply voltage [1-5]. 
6.1.1 Organic Field Effect Transistors (OFETs) 
The performance of organic field effect transistors (OFETs), generally 
benchmarked against that of amorphous silicon thin-film transistors with field 
effect mobility of 1 cm2/ Vs, has improved significantly since the first report of 
the OFET in 1986 [6]. Although OFETs are not meant to replace conventional Si-
based transistors, because of the upper limit of their charge mobility and 
consequently their switching speed, they do have a place in new applications such 
as flexible electronics. 
The OFET consists of three electrodes: source, drain and gate (Figure 6.1). 
The source electrode is grounded and different voltages can be applied to the gate 
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and drain electrodes. The organic semiconducting layer is deposited in the channel 
region by different techniques. The gate insulator can be viewed as a capacitor. 
Device is driven by two independent biases: 1) along the channel Vds 2) across 
the insulator layer Vgs. Carriers are accumulated at the insulator/semiconductor 








Figure 6.1 The schematic structure of OFET 
6.1.2 Gate dielectric layer in OFET 
One of the factors determining the electrical performance of organic 
OFETs for specific applications is the structure of the device, which includes its 
layout and architecture. Although the channel length and channel width can, in 
principle, be varied from a few tens of nanometers to several centimeters, thus 
enabling the highest frequency of operation and the drive current to be varied over 
many orders of magnitude, the choices for the device architecture are quite limited 
[4, 7, 8].  The choice of transistor architecture has a significant effect on electrical 
performance, because of differences between charge injection [9], but often the 
 109
degree of freedom is limited by restrictions in processing methods or the 
incompatibility of the materials used in the fabrication of organic OFETs [10]. 
Thus, a more important set of factors in tuning device performance is 
choice and optimization of the materials. Early OFET work focused almost 
exclusively on organic semiconductor materials, quickly pushing the performance 
of organic OFETs into the range of amorphous silicon OFETs. Later, research on 
organic transistors was extended to materials for the source and drain contacts and 
to the materials used as the substrates. But perhaps the material with the greatest 
effect on device performance is the gate dielectric. If the electrically conducting 
gate electrode is insulated from the organic semiconductor channel, the gate-
dielectric layer plays a key role in the electronic functionality of the field-effect 
transistor. The capacitance (i.e. the thickness and permittivity) of the gate 
dielectric determines the operating voltage of the transistor. 
 In organic OFETs that use the inverted device structure, the gate-dielectric 
layer provides the surface on which the organic semiconductor is deposited. Thus, 
the gate dielectric determines the molecular growth and molecular orientation of 
the organic semiconductor layer, both for small-molecule semiconductors and for 
pre-oriented, highly ordered semiconducting polymers [11, 12].  This determines 
the characteristics of the interface between the gate dielectric and the 
semiconductor. Because the carrier channel in which the electronic charges are 
transported in the device is formed in close proximity to that interface, the 
properties of the gate dielectric surface and of the dielectric/semiconductor 
interface are of critical importance [13]. The gate-dielectric layer must also be 
sufficiently robust to withstand all subsequent steps in the device fabrication 
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process. Finally, the processes for the deposition and patterning of the gate 
dielectric must be compatible with the general process flow, particularly for 
applications on flexible substrates associated with a restricted thermal regime. 
Thus, in addition to the electrical characteristics of the gate-dielectric materials, 
the mechanical and chemical properties and the processability must also be taken 
into consideration.  
6.1.3 Divinyl tetramethyl disiloxane-bis(benzocyclobutene) (DVS-bis-BCB) 
as gate dielectric 
Various polymer materials have been investigated as organic gate 
dielectrics, including organo-silsesquioxanes, polyimide (PI) [14], 
polyhydroxystyrene (PS), polymethylmethacrylate (PMMA) [15], 
polyvinylphenol (PVP) [11] and photoresist (PR) [16]. However, all these 
polymeric materials cannot give conformal and pinhole-free films in the sub-100-
nm regime. As a result, present spin-on polymer dielectrics are typically limited to 
more than 300 nm in thickness. There is thus a need to investigate a new approach 
to polymer dielectrics for use in OFETs. As shown by Chua et al [8, 17], a 
thermal-crosslinkable siloxane-based monomer divinyl tetramethyl disiloxane - 
bisbenzocyclobutene (DVS-bis-BCB) can give pinhole-free films in the sub-100- 
nm regime in both top and bottom configured devices and with demonstrated high 
dielectric breakdown and device stability. Thus BCB polymer is a potential 
substitute for commonly used SiO2 as the gate dielectric in OFETs. 
DVS-bis-BCB is also known as BCB monomer (structure shown in 
scheme 6.1). The liquid BCB monomer was originally developed for inter-level 
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dielectric technologies (for example, “Cyclotene™” from The DOW Chemical 
Company, MI, USA) [18]. The BCB monomer cures (crosslinks) via a thermal 
ring opening of benzocyclobutene ring to give an o-quinodimethane intermediate 
that reacts inter-molecularly with the alkene unit in a 4π + 2π Diels–Alder reaction 





















Scheme 6.1 Formation of DVS-bis-BCB polymer network 
The siloxane-based material BCB possesses most of the requisite gate 
dielectric properties. Furthermore, defect-free films down to few tens of 
nanometers in thickness can be obtained by simple solution casting. As reported 
by Chua et al [8, 17], the BCB ultrathin (50nm) dielectric films obtained has high 
dielectric breakdown strength (>3 MVcm-1) that exceeds those of most other 
organic polymers (typically 0.1-1 MVcm-1), low fixed-charge and trap densities in 
the bulk and at the interface with the semiconductor [19]. Both top-gate and 
bottom-gate FETs can therefore be fabricated by solution routes including inkjet 
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printing [11]. Because the dielectric layer is an ultimately crosslinked network 
polymer with good thermal and solvent stability, it can be readily integrated into 
complex multilayers processing schemes. The BCB structure provides a complete 
hydroxyl-free interface to the organic semiconductor in OFETs, and can harnesses 
both p-type and n-type conductions in OFETs.  
For the unsubstituted benzocyclobutene ring in BCB, polymerization 
proceeds to completion under rapid thermal anneal (RTA) conditions even on 
films less than 100 nm thick, as shown by Fourier-transform infrared (FTIR) 
spectrometry [20]. At 230 ºC, the reaction is >90% completed in 12 min; and at 
290 ºC in 9 s. The residual groups are electrically inactive and do not constitute 
traps. More crucially, this Diels–Alder reaction is compatible with the π-
conjugated backbone of many classes of semiconductor polymers including 
polyfluorene based systems. However, the curing temperature of 290 oC is too 
high when BCB monomer was to be spin coated on substrates which cannot stand 
such high temperature. Thus, the challenge arises as to how to decrease the curing 
temperature of BCB by modifying the structure but still retain its ideal properties 
as dielectric materials. One of the ways to bring down the RTA temperature to 
between 150-200 oC is to modify the cyclobutene ring by substitution.  
6.1.4 Novel BCB monomer structure as objective 
Earlier work [21] has illustrated that the presence of electron-donating 
substituents on the four-member ring increased the ease of ring opening reaction. 
Electron-donating groups at sp3 carbons of cyclobutene ring can lower the energy 
barriers towards o-quinodimethane formation which in turn reduces the 
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temperature for thermal electrocyclic ring opening. Substituted benzocyclobutenes 
are also found to ring open at lower temperatures than the unsubstituted 
benzocyclobutene (alkoxy substituted 110 oC, alkyl substituted 140 oC, 
benzocyclobutene 200 oC) [22]. 
We carried out the synthesis of methyl substituted benzocyclobutene, 1, 2-
dimethyl benzocyclobutene (a) and 1-methyl benzocyclobutene (b) (scheme 6.2). 
Methyl group was chosen to be the substituent on the four-member ring because 
the small size of methyl group was less likely to affect the cross-linking process of 
the monomers and the overall properties of the resulting network polymer. In this 
way, the curing temperature of polymerization can be reduced, and at the same 
time, the required properties of the polymer ideal for use as gate dielectric in 






Scheme 6.2   Chemical structures of compound a and compound b  
Monomer DVS-bis-BCB can be prepared by palladium-catalyzed coupling 
of 4-bromo-BCB with divinyltetramethylsiloxane [23], and 4-bromo-BCB can be 
prepared from BCB hydrocarbon and bromine [24] (Scheme 6.3). Thus the 
preparation of the desired BCB hydrocarbon is important as the first step in the 









Scheme 6.3 Synthesis route to DVS-bis-BCB 
6.2 Attempted synthesis of substituted BCB monomer hydrocarbons 
6.2.1 Thermolysis  
The synthetic route of compound a is given in Scheme 6.4.  I will describe 



















Scheme 6.4 Synthesis route to BCB hydrocarbon (a) via thermolysis 
6.2.1.1 Synthesis of 1, 3-dihydrobenzo[c]thiophene (30) 
Reactant 1, 3-dimethyl-1,3-dihydrobenzo [c] thiophene 2,2-dioxide (30) 
was prepared by an improved synthesis route [25] from α,α’-dibromo-o-xylene.  A 
mixture of α,α´-dibromo-o-xylene (6.6 g, 25 mmol), sodium sulphide (26 g, 200 
mmol) and benzyltriethylammonium bromide (58 mg, 0.21 mmol) in CH2Cl2/H2O 
(1:1, 100 mL) was refluxed for 14 h. The organic layer was separated and the 
aqueous layer extracted several times with dichloromethane.  The organic 
fractions were combined, dried, and the solvent removed to give the crude product. 
Pure product was obtained by column chromatography on M. F. C. silica with 
dichloromethane/hexane (1:10) as eluent. 1,3-dihydrobenzo[c]thiophene (1.8 g, 
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13.3 mmol, 53%) was isolated as a light yellow oil; 1H NMR (CDCl3): δ 4.32 (s, 
4H), 7.27 (m, 4H); 13C NMR (CDCl3): δ 140.2, 126.6, 124.6, 37.9; MS (EI) m/z: 
135.9, 134.8, 94, 91.  
6.2.1.2 Synthesis of 1,3-dihydrobenzo [c] thiophene 2,2-dioxide (31) 
To a stirred solution of 2.6 mL (25 mmol) 40% peracetic acid [from a 
mixture of 2.8 g hydrogen peroxide (100 vols) and 1.5 g acetic acid in an ice bath] 
was added 1.3 g (10 mmol) 1,3-dihydrobenzo [c] thiophene (30) in 0.85 g acetic 
acid dropwise below 10 oC. The solution was stirred for 48 h. The crude product 
was washed with water and suction filtrated to obtain 1,3-
dihydrobenzo[c]thiophene 2,2-dioxide as a white crystalline solid 31 (1.31 g, 7.8 
mmol, 78%); 1H NMR (CDCl3): δ 4.41 (s, 4H), 7.39 (m, 4H); 13C NMR (CDCl3): 
δ 131.1, 128.7, 125.9, 56.8; MS (EI) m/z: 167.9, 104.9, 103.9, 102.9, 78.0. 
6.2.1.3 Synthesis of 1,3-dimethyl-1,3-dihydrobenzo [c] thiophene 2,2-dioxide 
(32) 
n-Butyl lithium (10 ml, 16 mmol) was added to a stirred solution of 1,3-
dihydrobenzo [c] thiophene 2,2-dioxide (31, 1.31 g, 7. 8 mmol) in dry THF under 
a nitrogen atmosphere at   -78 oC. The solution was allowed to warm to room 
temperature and stirred for 1 h. It was then cooled to -78 oC and methyl iodide (1 
ml, 16 mmol) was added dropwise. The mixture was again allowed to warm to 
room temperature and stirred for 2 h. After that, dilute hydrochloric acid was 
added to the reaction mixture with stirring. The organic layer was separated and 
the aqueous layer extracted several times with dichloromethane. The organic 
fractions were combined, dried, and the solvent removed to give the crude product. 
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Pure product was obtained by column chromatography on silica with ethyl 
acetate/hexane (1:2) as eluent. A pale yellow solid of 1,3-dimethyl-1,3- 
dihydrobenzo [c] thiophene 2,2-dioxide (1.22 g, 6.2 mmol, 80%) was obtained; 1H 
NMR (CDCl3): δ 1.70 (m, 6H), 4.31(m, 2H), 7.31 (m, 2H), 7.41(m, 2H); 13C 
NMR (CDCl3): δ 135.9, 128.7, 124.7, 58.8, 13.8, 11.2; MS (EI) m/z:.195.9, 131.9, 
117.9,116.9, 114.9.  
6.2.1.4   Flash vacuum pyrolysis (FVP) process 
FVP [27] has been shown to be the method of choice for the preparation 
of benzocyclobutene and benzocyclobutene derivatives [20]. It was reported [28] 
previously that synthesis of 1, 2-dimethyl benzocyclobutene (a) involves the 
thermal extrusion of sulphur dioxide from 1,3-dimethyl-1,3-dihydrobenzo [c] 
thiophene 2,2-dioxide (32) by flash-vacuum pyrolysis at 450 oC. As suggested by 
this study, the benzocylcobutene is generated by the conrotatory ring closure of 
(E)-o-quinodimethane intermediate (Scheme 6.4). 
The pyrolysis work was carried out based on our modified apparatus. 
(Figure 6.2)  The quartz tube was packed with 4 Å molecular sieve because it was 
reported [27] that the inert material increased the time by the reactant spent in the 
tube. The nitrogen flow rate was controlled by a flow meter and the pressure of 
system was monitored by a pressure gauge. Together with the flow of nitrogen gas, 
compound 32 was vaporized at the preheat zone (300 oC) and flowed into the 
pyrolytic zone where pyrolysis occurred. The gaseous products were carried along 
in the direction of nitrogen flow and condensed in the cold trap (-78 oC, slush of 













Figure 6.2 Apparatus setup for the pyrolysis 
Different pyrolysis conditions were carried out to optimize the synthesis. 
The actual residence time of the reactant in the hot pyrolytic zone, which is 
controlled by the flow rate of N2, and the pyrolytic temperature are two key 
factors in the pyrolysis reaction. Table 6.1 gives the list of experimental 
conditions and the corresponding results.  
The desired product (a) was not produced under any of the pyrolytic 
conditions. The major side product was determined to be 1-ethyl-2-vinylbenzene 
(34), likely produced by a [1, 5] hydride shift of generated intermediate (Z)-o-
quinodimethane (33Z) as shown in Scheme 6.5. This was also observed by Jensen 






Table 6.1 Pyrolysis conditions and product observed  
 Conditionsa  Furnace Temp (oC) Remarks / Observations 
1 N2: 5.0 mbar  550 Only product 34  
2 N2: 5.0 mbar  500 Mixture of 34 and 32 
3 N2: 5.0 mbar  450 Mixture of 34 and 32 
4 N2: 2.5 mbar  450 Mixture of 34 and 32 
5 N2: 2.0 mbar  425  Only recovered reactant 32  
6 N2: 1.5 mbar  400 Only recovered reactant 32 
a Base pressure is 1.0 mbar. Higher pressure indicates faster N2 flow rate. 
When temperature was 550 oC or above, only unwanted 1-ethyl-2-
vinylbenzene 34 was collected in the cold trap. When temperature was 425 oC or 
below, only reactant 32 was recovered under both the fast (2.0 mbar) and slow 
(0.5 mbar) N2 flow rate. One important finding is that the percentage of side 
product 34 increased with decreasing flow rate of N2 (i.e. longer residence time of 
the reactant in the pyrolytic zone) when the pyrolysis temperature was set to 450 
oC. This suggests that the hydride shift reaction pathway became dominant at 
higher pyrolytic temperatures or longer pyrolytic times. These results agree with 




















Scheme 6.5 Mechanism of the thermal extrusion of sulphur dioxide 
6.2.2 Parham’s Cycloalkylation pathway 
Bradsher et al. [30] illustrated that Parham’s Cycloalkylation [31, 32] 
offered a useful alternate non-pyrolytic route to 1-substituted benzocyclobutenes 
derivatives. The aryl-bromides bearing halogenated side chains undergo halogen-
metal exchange with n-butyllithium at -100 oC, to give the 1-substituted 
benzocyclobutene by intramolecular cycloalkylation. In this work, the 1-methyl 

















Scheme 6.6 Schematic diagram of the compound (b) preparation 
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6.2.2.1 Synthesis of 2-bromo-α-methylbenzene acetic acid (35) 
1-bromo-2-(bromomethyl)benzene (35) is unknown but can be prepared 
in a straightforward manner from 2-bromophenylacetic acid. To 23.3 mL (46.6 
mmol) lithium diisopropylamine solution (LDA dissolved in THF/heptane/ethyl 
benzene) at -78 °C was added 2-bromophenylacetic acid (5.0 g, 23.2 mmol) in 30 
mL of dry THF. The addition was dropwise over a period of 15 min. The reaction 
mixture was stirred for 1 h at -78 oC. Then, methyl iodide (3.18 mL, 7.25 g, 51.2  
mmol) in 10 mL of dry THF was added dropwise over a period of 15 min. The 
reaction mixture was allowed to warm to room temperature and stirred for 16 h. 
Workup consisted of concentration in vacuo, dilution with diethyl ether, washing 
twice with 10% HCl, extraction twice with 10% NaOH, acidification of the 
aqueous layer with concentrated HCl (37%) until pH=1 and extraction of the 
aqueous layer with ether. The organic layer was washed with brine, dried over 
Na2SO4, filtered and concentrated in vacuo. 2-bromo-α-methylbenzene acetic acid 
was obtained as a light yellow solid (4.4 g, 19.1 mmol, 83%).  1H NMR (CDCl3): 
δ 1.56 (d, 3H), 4.33 (q, 1H), 7.16-7.21 (m, 1H), 7.30-7.40 (m, 2H), 7.61 (m, 1H); 
13C NMR (CDCl3): δ 179.8, 139.3, 132.9, 128.7, 128.3, 127.7, 124.4, 44.48, 17.51; 
MS (EI) m/z: 230, 228, 184.9, 182.9, 148.9, 103.9, 76.9, 50.9. 
6.2.2.2 Synthesis of 2-(2-Bromophenyl)-1-propanol (36)  
2-bromo-α-methylbenzene acetic acid 35 (4.4 g, 19.1 mmol) was 
dissolved in 20 ml of dry THF. It was added dropwise to a mixture of 1.09 g (28.7 
mmol) of lithium aluminum hydride in 20 mL of dry THF over a period of 0.5 h. 
The mixture was refluxed for 1 h, quenched with ethyl acetate in an ice bath, and 
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diluted with 15% aqueous hydrochloric acid. The layers were separated and the 
aqueous portion was extracted three times with ether. The combined organic 
portions were washed with brine, dried and concentrated in vacuo. The crude 
product was chromatographed on silica gel with ethyl acetate/hexane (1:3) as 
eluent. 2-(2-Bromophenyl)-l-propanol was obtained as pale yellow oil (3.5 g, 16.3 
mmol, 85%). 1H NMR (CDCl3): δ 1.32 (d, 3H), 2.00 (s, 1H), 2.97 (q, 1H), 3.71 (d, 
2H), 7.27-7.59 (m, 4H); 13C NMR (CDCl3): δ 143.6, 133.0, 128.5, 127,6, 127.4, 
126.5, 68.5, 42.35, 17.53; MS (EI) m/z: 215.9, 213.9, 184.8, 182.8, 135.9, 134,9, 
104.9, 76.9. 
6.2.2.3 Synthesis of 1-Bromo-2-(1-bromoethyl) benzene (37) 
2-(2-Bromophenyl)-1-propanol 36 (2.5 g, 11.6 mmol) was cooled to 0 oC 
in an ice bath under nitrogen. Phosphorus tribromide (3.8 g, 1.3 ml, 13.9 mmol) 
was added dropwise slowly. The reaction mixture was heated at 80 oC for 2 h. The 
mixture was poured onto crushed ice and saturated NaHCO3 solution was added. 
The mixture was stirred for 30 min and extracted with ether. The combined 
extracts were washed once with saturated NaHCO3 solution and once with brine. 
The organic layer was dried over anhydrous Na2SO4, filtered and evaporated in 
vacuo. A colourless oil was obtained (1.5 g, 47%). 1H NMR (CDCl3): δ 1.47 (d, 
3H), 3.1-3.7 (m, 3H), 7.25-7.41 (m, 4H); 13C NMR (CDCl3): δ 143.6, 133.0, 128.5, 
128.3, 127.5, 42.16, 39.89, 19.90 ; MS (EI) m/z: 279.7, 277.7, 275.7, 197.8, 184.7, 
182.7, 170.7, 168.7, 104.8, 90.8, 76.9.   
 
6.2.2.4   Parham’s cycloalkylation   
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1-bromo-2-(bromomethyl)benzene 37 (0.25 g, 0.9 mmol) was stirred with 
4 ml of tetrahydrofuran and 1 mL of hexane and cooled to -100 oC (liquid N2 and 
diethyl ether). 0.85 ml (1.35 mmol) n-butyl lithium was added dropwise slowly. 
After 30 min at -100 oC, the mixture was warmed to -78 oC and maintained at that 
temperature for 2 h. It was then allowed to warm to 25 oC and to remain at that 
temperature overnight. The reaction mixture was poured into water, the layers 
were separated, and the aqueous layer was extracted with three times with ether. 
The combined organic layers were washed with brine, dried, and concentrated 
under vacuum. The crude oil remaining was purified by column chromatography 
on silica gel with hexane as eluent.  The components in the crude product were too 
complicated to be separated by column chromatography, which was verified by 'H 
NMR (CDC13) spectrum. Hence, GC-MS was used to separate the components 
and to identify the compounds present. GC-MS showed presence of 1-methyl 
benzocyclobutene (b); m/z: 118, 117, 103, 91, 77, 63, 51. However, the yield was 
only at about 10%. From the mass spectrum, the major side product was likely to 
be 1-butyl-2-isopropylbenzene (40) and/or 1-(heptan-2-yl) benzene (41).   
Parham and co-workers [33] have reported that reaction of lithium reagent 
with n-butyl bromide, formed during the exchange reaction, become significant at 
higher temperatures. When warmed to -78 oC, bromine-lithium exchange can 
occur at the bromine position and subsequent butylation by n-butyl bromide was 
probable. The excess of n-butyl lithium further increases the probability of this 
kind of reactions, thus results in the formation of butylated compounds (Scheme 
6.7).  As the order of halogen-metal exchange is ArBr > ArCH2CH2Br[31], side 























Scheme 6.7   Possible side reaction pathways 
6.2.3 Alkylation of 1,2-dibromobenzocyclobutene  
It was reported [34, 35] that treatment of trans-1,2-dibromo-
benzocyclobutene with tert-butyl magnesium chloride could give trans-1,2-di-tert-
butyl benzocyclobutene in reasonable yield. It is our aim to obtain the trans-1, 2-
dimethyl benzocyclobutene (a) by following this strategy. In this work, 1,2-
Dibromobenzocyclobutene 42 was prepared by an improved one-step reaction 
from α,α,α’,α’-tetrabromo-o-xylene by refluxing with sodium iodide [36, 37] 














Scheme 6.8 Synthesis routes for the third method 
A stirred solution of 4.2 g (10 mmol) of α,α,α’,α’-tetrabromo-o-xylene in 
20 ml of dry N, N-dimethylformamide (DMF) was treated with 10 g (66 mol) of 
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sodium iodide. The mixture was refluxed gently with stirring for 6 h, during 
which time iodine was liberated gradually. Reaction mixture was poured into 
water and was extracted with ethyl acetate. The combined extract was washed 
with 10% aqueous sodium bisulfite until the brown color disappeared. Then it was 
dried over MgSO4, filtered. The removal of the solvents under pressure gave the 
crude product. Further purification was made by chromatography on silca gel gave 
the product (Yield: 75%). 1H-NMR (300MHz, CDCl3) (ppm) 7.48 (m, 2H), 7.27 
(m, 2H), 5.48 (s, 2H). 13C-NMR (300MHz, CDCl3) (ppm) 142.27, 131.42, 123.09, 
49.74, 29.72, 22.61.  
The next step involved the treatment of trans-1, 2-dibromo-
benzocyclobutene with methyl magnesium chloride at different temperature 
conditions. However, no trace of trans-1, 2-dimethyl benzocyclobutene (a) was 
observed. The components in the product can not be separated by column 
chromatography. Additionally, the cyclobutene ring was broken, as shown by 
NMR. I attempted to optimize the temperature conditions for this reaction. When 
the reaction was carried at -20°C or below, no reaction occurred. Reactant 42 and 
a mixture of side products were obtained when the reaction was carried at -10 °C. 
When the reaction was carried at room temperature or above, no reactant but 
complicated side products was obtained.  
I decided to look for alternative synthetic methods. Treatment of Grignard 
reagent of trans-1,2-dibromo-benzocyclobutene 42 with CH3I was attempted 
subsequently. (Scheme 6.8) Trans-1,2-dibromo-benzocyclobutene could form a 
Grignard reagent in THF in excellent yield. However, no desired product (a) but 
complicated products were obtained. The cyclobutene ring of product was also 
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confirmed broken by NMR. In a separate synthesis method, dilithium 
tetrachlorocuprate (Li2CuCl4) was used as a catalyst in the present work. Li2CuCl4, 
initially reported by Tamura and Kochi [38], generally appears to be a good 
catalyst in the cross-coupling reactions of Grignard reagent [39, 40]. However, the 
cyclobutene ring is still broken under the application of Li2CuCl4. The study 
shows that the cyclobutene ring is not stable under strong reaction conditions, 
such as Grignard reagent coupling reaction. 
6.3 Theoretical studies  
Theoretical calculations of the energetics of the reaction steps were carried 
out to better understand the reaction mechanism and why it was difficult to obtain 
the desired product (a) by pyrolysis. Benzocylcobutene (c) and intermediate 
quinodimethane (d) was included in this theoretical study. 
6.3.1 Structure optimization  
All the theoretical calculations utilize the Gaussian 98 package [41]. The 
geometry was first optimized with semi-empirical AM1 method followed by using 
the B3LYP functionals [42, 43] at 6-31G level. The geometries were then 
optimized with B3LYP/6-311G (d, p). For all optimized structures, harmonic 
vibrational frequencies have been calculated at the same level allowing the 
correction for the zero-point energies (ZPE) [44]. The optimized structures are 









33E 33Z 34  
Scheme 6.9 Optimization structures 
Table 6.2 gives the calculated binding energies. At Becke3LYP/6-311G 
(d,p) level, the energy formation (11.71 kcal/mol) between c and d is in very good 
agreement with experimental value (11.1 kcal/mol) determined by Roth [20, 45], 
thus the calculated energies at this level are reasonable and reliable. 
Table 6.2 Calculated energies of benzocyclobutenes at Becke3LYP/6-311G (d, p) 
level 
 Total energy 
(Hartree) 









c -309.7057531 0.133910 0.132437 -309.573316   
d -309.6846816 0.131475 0.130029 -309.554653 0.018663 11.71 
ac  -388.3590769 0.189715 0.187628 -388.171449   
33E -388.3383002 0.187391 0.185330 -388.152970 0.018479 11.60 
34 -388.3739837 0.189258 0.187176 -388.186808   
33Z -388.3375226 0.187631 0.185567 -388.151956 0.034852 21.87 
a ZPEs are scaled by a factor of 0.989, as recommended in reference [44]. 
b 1 Hartree = 627.509 kcal mol-1 
c Trans confirmation is considered, as cis confirmation is less stable by 1.19 kcal mol-1.        
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6.3.2 Energy diagram based on theoretical calculation    
As evidence from Table 6.2, the energy barrier (∆1) between Z-form 
intermediate 33Z and side product 34 is 21.87 kcal mol-1, while the energy barrier 
(∆2) between E-form intermediate 33E and target product a is 11.60 kcal mol-1. 
Thus, the side product 34 has a lower energy than desired product a by 9.64 kcal 
mol-1. In other words, side product 34 is more stable than desired product a by 
9.64 kcal mol-1 (see Figure 6.3). This fact supports the experimental observation 
that side product 34 is more easily obtained than target product a.  
∆3 = 9.64 kcal mol -1
∆2 = 11.60 kcal mol -1



















The methyl substituted BCB monomer was designed to lower the 
polymerization temperature so as to widen its use as dielectric materials in OFET 
application. Three synthetic approaches were attempted in the preparation of 
methyl substituted BCB in this work, namely pyrolysis method, Parham’s 
cycloalkylation pathway and substitution pathway from dibromocyclobutene. 
The pyrolytic synthesis process was carried out on our improved pyrolysis 
apparatus, which provided accurate experiment condition controls. All 
experiments indicated that 1-ethyl-2-vinylbenzene instead of the target product 1, 
2-dimethylbenzyocyclobutene was obtained via a pathway involving a (1, 5) 
hydride shift. I have also modeled the pyrolytic synthesis using DFT theoretical 
calculation to show that 1-ethyl-2-vinylbenzene has a lower energy than 1, 2-
dimethylbenzyocyclobutene, which suggests that 1-ethyl-2-vinylbenzene is the 
favourable product. For Parham cyclialkylation method, the preparation of the 
target product was achieved, although the yield is low. The possible reason is that 
extreme low temperature reaction is too complicated to get high yield product. In 
the third method, the synthesis from dibromo-benzocyclobutene based on 
Grignard reagent gave negative results. The cyclobutene ring was broken for all 
the reaction conditions, which probably due to the harshness of Grignard reagent. 
 Although the desired products were not synthesized successfully in this 
work, our explanations and theoretical predictions have provided important 
information for future work in this area.  
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Conclusions and Suggestions for Future work 
7.1 Conclusions 
1. Two series of novel “push-pull” molecules were synthesized successfully. The 
donor-π-acceptor moiety was attached to SH group through an alkylene chain 
either at the donor or the acceptor end.  The kinetics of their absorption on 
gold surface was monitored by spectroscopic ellipsometry based on thickness 
measurement. The bent conformation rather than extended conformation of 
molecules was deduced by comparing theoretical and ellipsometry 
experimental results. No significant work function change was found for the 
gold substrate modified with these self-assembled monolayers based on UPS 
measurement. This indicates no significant dipole moment on these 
monolayers as there is proportional relationship between work function 
change and dipole moment. This is consistent with assumed bend 
conformation of molecules.  
2. The robust large-area molecular junction devices, with a Au/ donor-π-acceptor 
self-assembled monolayers /PEDT/Al configuration, were fabricated and 
characterized. The device characteristics are repeatable and reproducible from 
device to device. The reproducible rectification ratio is up to 3 at ± 2 V with 
the expected polarity reversal for tail-D–π–A and tail-A–π–D devices. This is 
the first report of stable molecular junctions with rectifying effect. The work 
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showed that robust rectification is possible in solid-state molecular junction 
devices.  
3. Electron transport properties (conduction mechanism) through alkanethiol 
molecules and the push-pull molecules were further investigated based on Au/ 
self-assembled monolayers /PEDT/Al device structures. IV measurements for 
various alkanethiols with different molecular lengths were performed for the 
study of length-dependent conduction behavior. Decay coefficient β was 
determined to be 1.4 Å-1 and IV characteristics at low biases can be described 
by the classical Simmons tunneling theory with m = 0.5 me and ∆ = 4.0 eV.  
The barrier height for push-pull molecules tunneling was also calculated based 
on m = 0.5 me. Although D-π-A conjugated molecules formed bent 
conformation on the Au substrates, they showed 0.6-1.4 eV lower barrier 
height than saturated alkanethiol molecules, which suggests that the terminal 
D–π–A aromatic unit still has a significant impact on current flow.   
4. Cationic D-π-A dyes were designed and synthesized in our attempt to attain 
molecular rectifier with higher rectification ratio. For the ionic assembly 
structure between cationic D-π-A dyes and ionic thiol on gold substrate, UPS 
measurements showed that a larger work function change (i.e. bigger dipole 
moment) exist for the ionic bilayer. The molecular large area junction devices 
based on Au/ HS - ionic <> cationic D-π-A dye self-assembled monolayers 
/PEDT/Al were fabricated and characterized. However, the expected 
asymmetric IV characteristic was not observed. A possible reason is that the 
mechanical and chemical robustness of multilayered structure fabricated with 
ISA method cannot stand the harsh conditions during the device fabrication 
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process. This means that the ISA method may not be applicable to this large 
area molecular junction technique. 
5. I also investigated whether the asymmetric placement of alkyl chain plays a 
role in the rectification mechanism. A series of cationic D-π-A dye derivatives 
with different alkyl length were synthesized. However, the unexpected result 
for C4 dye and C10 dye is probably due to the steric restriction of two long 
alkyl chains of the second layer dye molecules.  The molecular packing 
arrangement of the material based on electrostatics consideration alone is 
complicated. Therefore, there is a need to gain more insight into the adsorption 
process and the factors affecting molecular orientation. Further investigation 
need to be followed up. 
6. The methyl substituted BCB monomer was designed to decrease the 
polymerization temperature so as to satisfy its properties as dielectric materials 
in OFET application. Three synthesis methods were attempted in the 
preparation of methyl substituted BCB hydrocarbon but none was successful. 
In the pyrolysis method, 1-ethyl-2-vinylbenzene instead of the target product 1, 
2-dimethylbenzyocyclobutene was obtained using our improved version of the 
pyrolytic apparatus. DFT theoretical calculations confirmed that 1-ethyl-2-
vinylbenzene is the favourable product in terms of energetics. Although the 
desired product was not synthesized successfully in this work, our 




7.2 Suggestions for future  
1. For a variety of reasons, ionic assembly technique has not achieved the 
original objective of increasing the rectification ratio. The verification of 
bilayer structures formation in this study is solely based on thickness 
monitoring measurement by the ellipsometry technique. A supplementary 
surface analysis technique is needed to probe the ionic assembly process. 
Infrared reflection-adsorption spectroscopy (IRAS) is well known as an 
analytical technique used to probe the monolayer at surfaces [1, 2]. It can be 
used to obtain important information on the orientations of adsorbate 
molecules, adsorbate-substrate and adsorbate-adsorbate interactions (e.g. 
hydrogen-bonding), adsorption sites, and relative coverage. In addition, it 
would be worthwhile to consider AFM studies where local thickness can be 
probed and thus the thickness uniformity issue can be investigated.   
2. As has been discussed in this thesis, the application of large area molecular 
junction technique in molecular transport studies is a key milestone in 
molecular electronics field. This technique is simple, compatible with 
standard integrated circuit fabrication process. Thus this technique can be 
scaled up and extended to any molecules and any metal bottom electrode on 
which ordered films can be formed. 
3. Another possibility for increasing the rectification ratio is by considering the 
respective charge-transport levels. For example, molecules consisting of 
fullerene group could exhibit a tremendous rectification ratio [3, 4]. I foresee 
 136
that many new materials with novel functionalities can be developed as 
molecular diode with very high rectification ratio in the near future. 
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